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(57) Abstmc t 

A solid stat^ directly overwdtable, non volatile, high speed, multibit single cell memory cbaracterized by numerous stable, 
non volatile detectable configurations of local atomic and/or electronic order, which can be selectively and rqieatably accessed 
by electrical input signals of varying pulse voltage and duration. There is also disclosed a unique class of microciystalfine semi- 
conductor materials which can be modulated, within a crystallme phase, to assume any one of a large dynamic range of different 
Fermi levdi position while maintdning a substantially constant band gap over the entire range, even after a modulating field has 
been removed. The memory elements are characterized by enhanced stability, achieved through the use of compositional modula- 
tiou of the semiconductor material from which the memory elements are fabricated. The memory elements may include an electri- 
cal contact formed of amorphous silicon, either alone or in combination with/a layer of amorphous carbon. The memory elements 
(30) may be in the form of regions (36) of memory material surrounded by oxide layers (20, 39). The memory elements may be in 
the form of an anay having access diodes formed between N type layers (18) and P type regions (24), with the elements located at 
the intersections of row Imes formed by N + regions (12) and column lines (42). 
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ELECTRICALLY ERASABLE, DIRECTLY OVERWRTTABLE, 
MULTIBIT SINGLE CELL MEMORY ELEMENTS 
AND ARRAYS FABRICATED THEREFROM 



f TRLD OF THE INVENTION 

The present invention relates generally to a unique new dass of semiconductor 
materials characterized by a high concentration of modulatable ftee charge carders. 
The mechanism of opmtion of devices fabricated fiom this new class of 

5 semiconductor materials is different from the opeiation of previous semiconductor 
devices and can be tailored to provide new device configurations exhibiting unusual 
new properties. More particularly, it relates to a new class of narrow band gap, 
microcrystalline semiconductor materials, per se; to these materials as specifically 
designed for solid state, electrically and optically operated, directly overwritable, 

10 extremely low energy, vary fast switching, non-volatile, analogue and multilevel 

single-cell operating memory elements; and to high density electrical memory arrays 
fabricated from these materials. 



BACKGROUND AND PRIOR ART 

The Ovonic EEPROM is a novel, proprietary, high perfonnance, non-volatile, 

15 thin film electronic memory device. In this device, information can be stored in either 
analog or binary form (one bit per cell) or in multi-state ftMm (multiple bits per 
memory cell). The advantages of tiie Ovonic EEPROM include non-volatile storage of 
^g^tfl, potential for high bit density and conscquentiy low cost as a result of its small 
footprint and simple two-terminal device configuration, long reprogramming cycle life, 

20 low programming energies and high q)eed. The Ovonic EEPROM is capable of binary 

m 

and multistate operation. There are small differences in tiie structure and the materials 
employed to enhance either the binary or multi-state performance characteristics 
thereof. For purposes of the instant invention, the terms "memory elements" and 
"control elements" will be employed synonymously. 
25 The operation of most semiconductor devices is governed by the control of 

mobile charge carrier concentrations different fiom tfiat generated at tiiermal 
equilibrium. Prior to tiie present invention, only four general metiiods were known by 
which to control and modulate the concentration of excess or fi:ee (these two terms are 
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used inierchangeably throuiJiout this discussion) charge carrias in solid state 
semiconductor devices. These four known methods wifl be described heieinbelow • 
following a general discussion of diose fundamental mechanisms of operadon of 
semiconductor devices which are necessary in order to appreciate the advantages of the 



instant inventicm. 

By way of e^qdanarion. in a perfect semiconductor lattice with no impurities or 
lattice defects - an intrinsic semiconductor -- no charge carriers are present at zero 
Kelvin since die valence band is filled widi electrons and die conduction band is 
empty. At higher lerapeiatures. however, electron-hole pairs generated as valence band 
electrons are exdied diermany across die band gap to die conduction band. These 
tijermally generated clectron-*ole pairs are die only charge carriers present in an 
intrinsic semiconductor material Of course, since die electrons and holes are oeated 
in pairs, die conduction band electron concentration (electrons per cubic centimeter) is 
equal to die concentration of holes in die valence band (hdcs pw cubic cmtim^). It 
is weU known, but wordi emphasizing, tiiat if a steady state carrier concentration is to 
be maintained, diere must be recombination of die charge carriers at die same rate diat 
tiiey are generated. Recombination occurs when an electton in die conduction band 
makes a nansirion to an empty state (hole) in die valence band, eidier direcdy or 
indirecdy duou^ die agency of a mid-gJ?» recombinarion cento-, dms a nn i hi la ting die 

pair. 

In addition to tiiwmally generated char^ carriers, it is possible to create 
carriers in semiconductor materials by purposely introducing certain impurities into die 
crystal lattice. This process is caUed doping and represoits a common metiwd of 
varying die conductivity of semiconductors. By doping, a semiconductor material can 
be altered so diat it has a predominance of eidier electrons or holes, i.e., it is ddier n- 
type or p-type. When a crystal lattice is doped such diat die equiUbrium carrier 
concentrations are different ftom die intrinsic carrier concentrations, die semiconductor 
material is said to be "extrinsic". When impurities or lattice defects are introduced 
into an odierwise petfoa lattice crystal additional levels are created in die energy band 

sttucmre, usually widdn die band gap. For instance, die introduction of phosphorous 
in silicon or germanium, generates an energy level very near die conduction band. 
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Tlds new ener^ level is filled with electrons at zero Kelvin, and very litde thermal 
energy is required to excite these electrons to the conduction band. Thus, at about SO- 
lOO Kelvin, virtually all of die electrons in the impurity level are donated to the 
conduction band. Semiconductor material doped with donor impurities can have a 
considerable concentration of electrons in the conduction band, even when the 

0 

temperature is too low for the intrinsic charge carrier concentration to be appreciable. 

Now that the reader can appreciate the significance of the presence of excess 
charge carriers for electrical conductivity, it must, be noted that these carriers can also 
be created by optical excitation or they can be inject^ across a forward biased p-n 
junction or a Schottlgr barrier Simply stated and regardless of the manner in which 
the excess carriers are generated, they can d(Miunate the electrical conduction processes 
in a semiconductor material. It has previously been stated that there are four known 
methods of modulating the concentration of fiee charge* Those four methods are 
described below: 

(1) In 1948, Bardeen, Brattain, and Schoddey ushered in the modem era of 
semiconductor electronics when they demonstrated die opmtion of a wlid state 
amplifier by successfully modulating the flow of injected minority charge carriers in 
bipolar juncticm transistors. The bipolar junction transistor is a three terminal device 
in which die flow of current through two terminals can be controlled by small changes 
in the current at die tiiird taxninaL This control feature provides for the amplification 
of small signals or for the switching of the device from an "on" state to an "ofT state. 
In odier words, the bipolar transistor is employed to modulate the injection and 
collection of minori^ charge carriers across a semiconductor junction. More 
particularly, and considering, for instance, in a p-n-p bipolar structure (the operation of 
an n-p-n bipolar structure is simply the reverse of the operation of the p-n-p structure), 
the negative side of the forward biased junction is the same as the negative side of the 
reverse biased junction. With this configuration, the injection of holes from the p-n 
junction into the center n region supplies die minority carriers, holes, to particq)ate in 
the reverse flow of current dirough the n-p junction. As should now be evident, the 
designation of this device as "bipolar'' relates xo the critical importance of the action of 
both electrons and holes. 



wo 93/04506 



PCr/US92/06876 



10 



15 



20 



25 



30 



In operation, the reverse saturation current through die p-n junction of die 
device depends upon the rate at which minority carriras are generated in die 
neighborhood of die junction. It is possible to increase die reverse current dnough die 
junction by increasing die rate of electron-hole pair generation. Hiis can be 
accomplished widi light (as discussed below widi respect to photodetectors). 
mcctrically, a convenient hole injection device is a forward biased p-n junction in 
which die current is due primarily to holes injected fiom die p region into die n 
material If die n side of die forward biased junction is die same as die n side of die 
reverse biased junction, die resultant p-n-p structure opeiaies when die injection of 
holes from die p-n junction into die center n region supplies nrinoiity carrier holes to 
participate in die reverse cuirent flow tiu-ough die n-p junction of die transistor. Of 
course, die n-region is narrowed so diat die injected holes do not recombine in die n 
region (die base of diis p-n-p bipolar transistor) before tiiey can diffuse to die 
depletion layer of die reverse-biased junction. 

Enaliy, when used as a switch, diis type of transistcff is usually controlled in 
two conduction states, referred to as die "on" state and die "off ' state. While 
transistors do not function as a short circuit when turned on and as an open circuit 
when turned off. tiiey are able to approximaie tiiese actions. In transisior switching, 
die emitter junction is forward biased and die collecior is leveise biased,widi a 
reasonable amount of current flowing out of die base. If die base current is switched 
to zero, die collector current will be negUgible. This is die "off* state. However, if 
die base current is positive and sufficiendy large, die device is driven to die saturation 
regime and die transistor is in its "on" state. Therefore, in die typical switching 
operation, die base current swings from positive to negative, diereby driving die device 
from satmatira to cutoff and vice vosa. 

(2) The second conventional mediod of controlling die concraitration of free 
charge carriers is implemented by metal-oxide-semiconductor field effect transistor 
(MOSFET) devices. By way of background, one of die most widely employed 
electronic devices, particularly in digital integrated circuits, is die metal-insulator- 
semicondnctor (MIS) transistor. In an MIS transistor, die concentration of charge 
carriers in die conduction channel is controlled by a voltage applied at a gate electiode 



wo 93/04506 PCr/US92/06876 

5 

isolated from the channel by an insulator. The resulting device may be refecred to 
genracally as an insulated-gate field effect transistor aOEET). However, since most 
IGFETs are made using a metal (^ically aluminum) for the gate electrode, silicon- 
dioxide as the insulator, and silicon as the semiconductor material, the term MOS field 
effect transistor or MOSFET is commonly used. 

In operadon of a MOSFET, consider an n-type channel formed on a p-type 
silicon substrate. The n-type source and drain regions are formed by diffusing or 
implandng dopant atoms into a lightly doped p-type substrate. A thin oxide layer 
separates the metal gate from the silicon surface. No current flows from die drain to 
the source unless there is a conducting n-channd between diem, since the drain- 
substrate-source combination includes oppositely directed p-n junctions disposed in 
series. When a positive voltage is applied to die gate relative to die substrate (die 
soun:e in this example), positive charge carriers are dqiosited on die gate metal As a 
result of dus deposition, negative charge carriers are induced in die underlying silicon 
by d» formation of a depletion region. In addition, a dun surface region containing 
mobile electrons is formed. The induced electrons form die channel of die EEI and 
allou' current to flow from die drain to die source. The effect of die gate voltage is to 
vary die conductance of the induced channel for low drain-to-source voltage. The 
MOS field effect transistor is particularly useful in digital circuits, in which it is 
switched from the "off" state (no conducting charmel) to die "on" state. Both n- 
chamiel and p-channel MOS transistors are in v^ common usage. 

The MOS structure can be diought of as a capacitor m which one plate is a 
senuconducton If a negative voltage is applied between the metal and the 
senuconductor, a negative charge is effectively deposited on the metal. In response 
diereto, an equal net positive charge is accumulated at die surface of die 
semiconductor. Li the case of a p-type substrate, diis occurs by hole accumulation at 
the semiconductor-oxide interface. Since the applied negative voltage dq>resses the 
electn)static potential of the metal relative to the semiconductor, the election energies 
are raised in the metal relative to the senuconductor. The energy bands of the 
semiconductor bend near the inter&ce to accommodate the accumulation of holes. 
Because no current passes through die MOS structure, there is no variation in die 
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Fenni level position within the bulk of the semiconductor. The result is a bending of 
the semiconductor bands near the interface so ±at the Fermi level is closer to the 
valence band adjacent the interface, thereby indicating a larger hole concentration than 
that arising from the doping of die p-typc semiconductor material. 

When a positive voltage is applied from the metal to the semiconductor, the 
potential of the metal increases, thereby lowering the metal Fermi level relative to its 
equilibrium position. As a result, the oxide conduction band is again tilled. ITie 
positive voltage deposits positive charge on the metal and effectively calls for a 
corrcsponding net negative charge at the surface of the semiconductor. Such a 
negative charge in p-type material arises from depletion of holes from tiie region near 
die surface which leaves behind uncompensated ionized acceptors. In tiie depleted 
region, die hole concentration decreases, bending the bands down near die 
semiconductor surface. If die positive charge continues to increase, the bands at die 
semiconductor surface bend down stiU further. In fact, a sufficiendy large voltage can 
cause a large electron concentration in the conduction band. The region near die 
semiconductor in tins case has conduction properties typical of n-type material. This 
n-type surface layer is formed not by doping, but by "inversion" of what was originally 
p-type semiconductor material due to tiie applied voltage. This inverted layer, 
separated from die underlying p-type material by a depletion region, is die key to MOS 

transistor operation. 

(3) The tiuid known metiiod of controlling the concentration of free charge 
caniers is by die photogeneration of free charge carriers of both polarities. TWs 
photogeneration of free charge caniers takes place in such state-of-tiie-art devices as 
photovoltaic cells, photoresistors, photodetectors and electrophotographic drums. 

In general, when excess electrons or holes arc created in a semiconductor 
material, there is a corresponding increase in die electrical conductivity of tiie materiaL 
In die event tiiat tiie excess charge carriers are generated from optical exdtarion, tiie 
resulting increase in conductivity is called "photocondnctiviiy". When photons are 
directed to impinge upon a semiconductor material, tiiose photons having energies 
greater titan tiie band gap energy arc absorbed and electron hole pairs generated. Hie 

electron and hole created by tiiis absorption process arc excess carriers; since diey are 
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out of balance with their environment and exist in their respective bands, they 
contribute to ihc electrical conductivity of the material. 

(4) The fourth known method of modulating the fioce charge carrier 
concentration in semiconductor materials is by controlling the physical structure of 
chalcogenide phase change materials as they undergo reversible amorphous to 
crystalline phase transformations. A detailed explanation of this phenomena was 
reported in the early work on optical and electrical Ovonic phase change materials 
pioneered by S.R. Ovshinsky at Energy Converdon Devices, Inc. These materials and 
technobgy are discussed in detail below. 

Since tiie present invention has significant scientific applicability to and 
inunediate commercial impact on many different segments of the electronic and 
semiconducuv industries, said invention is discussed hminbelow in three different, but 
related sob-sections. More piarticularly, tiie relevance of the instant invention is 
discussed widi respect to: (A) semiconductor devices per se; (B) optically operable, 
fast, n(xi-volatile phase change memories; and (C) electrically erasable, directiy 
o>'erwritable, multilevel single-cell memories. 

EARLY ELECTRICAL PHASE CHANGE MEMORY 

The general concept of utilizing electrically writable and erasable phase change 
miaterials (i.e., materials which can be electrically switched between generally 
amorphous and generally crystalline states) for electronic memoiy applications is well 
known in the art and as is disclosed, for example, in VS. Patent No. 3,271,591 to 
O^hinsky, issued September 6, 1966 and in U.S. Patent No. 3,530,441 to Ovshinsky, 
issued September 22, 1970, both of which are assigned to the assignee as the present 

4 

invention, and botii disclosures of which are incorporated herein by reference 
(hereinafter the "Ovshinsky patents"). 

As disclosed in the Ovshinsl^ patents, such phase change materials can be 
ek^tcically switched between structural states of generally amorphous and generally 
crystalline local order or between different detectable states of local order across the 
enitire spectrum between completely amorphous and completely crystalline states. That 
is, tiie Ovshinsky patents describe that the electrical switching of such materials is not 
rec[uired to take place between completely amorphous and completely crystalline states 
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but rather can be in inc3:emental steps reflecting changes of local order to provide a 
"gray scale" represented by a multiplicity of conditions of local order spanning the 
spectrum between the completely amorphous and the completely crystalline states. 
The early materials described by die Ovshinsky patents could also be switched 
between only two structural states of generally amoiphous and generally crystalline 
local order to accommodate the storage and retrieval of single bits of encoded binary 
information. 

The electrically erasable phase change memories described in the Ovshinsky 
patents were utilized in a number of commercially significant applications. However, 
due to the lack of funding necessary for commercialization, subsequent developments 
in oths£ jBelds of solid state electronic memories eventually displaced these early 
electrically erasable phase change technology in die marketplace and prevented these 
memories finom being used in electrical devices such as , fior instance, personal 
computers. 

In the ^ical personal computer th^ ofien are four tiers of memory. Archival 
information is stored in inexpensive, slow, high storage capacity, non-volatile devices 
such as magnetic tape and floppy disks. This information is transferred, as needed, to 
faster and more expensive, but still non- volatile, hard disk memories. Infonnation 
from die hard disks is transferred, in turn, to the still more e;q)ensive, fast^, volatile 
system memory which uses semiconductor dynamic RAM (DRAM) devices. fast 
compute even transfer forth and back small portions of the information stored in 
DRAM to even faster and even more expensive volatile static RAM (SRAM) devices 
so that the nucroprocessor will not be slowed down by the time required to fetch data 
from the relatively slower DRAM. Transfer of information among the tiers of the 
memory hierarchy occupies some of the computer's power and this need for 
"overhead" reduces performance and results in additional complexity in the computer's 
architecture. The cmxem use of die hierarcbal structure, however, is dictated by the 
price and performance of available memory devices and the need to optimize computer 
performance while minimizing cost 

The electncaily erasable phase change memories described in the Ovshinslgr 
patents, as well as subsequent electrical solid state memory, had a number of 
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liinitations that prevented their widespread use as a direct and univeisal replacement 
for present computer memory applications, such as tape* floppy disks, magnetic or 
Of deal hard disk drives, solid state disk flash, DRAM, SRAM, and socket flash 
memory. Specifically, the following represent the most significant of these limitations: 
(i) a relatively slow (by present standards) electrical switching speed, particularly when 
switched in the direction of greater local oixler (in the direction of increasing 
crystalIizati<Mi); (ii) a relatively high input energy requirement necessary to initiate a 
detectable change in local order, and (iii) a relatively high cost per megabyte of stored 
information (particularly in comparison to present hard disk drive media). 

The most significant of tiiese limitations is the relatively high energy input 
req uired to obtain detectable changes in die chemical and/or electronic bonding 
configurations of tiie chalcogenide material in order to initiate a delectable change in 
local order. Also significant were die switching times of tiie electrical memory 
materials described in tiie Ovshinsky patents. These materials typically required times 
in ilie range of a few nuUiseconds for tiie set time (the time required to switch tiie 
material £rcHn the amorphous to the crystalline state); and approximately a microsecond 
for the reset time (die rime required to switch die material from die crystalline back to 
tiie amorphous state). The electrical energy required to switch tiiese matftriaig typically 
mesisured in the range of about a microjoule. 

It should be noted tiiat tins amount of energy must be delivered to each of die 
memory elements in the solid state matrix of rows and columns of memory cells. 
Such high energy levels translate into high current carrying requirements for tiie 
address lines and for die cell isolation/address device associated with each discrete 
memory element Taking into consideration these energy requirements, the choices of 
memory cell isolation elements for one skilled in the art wmdd be limited to very large 
single crystal diode or transistor isolation devices, which would make die use of 
nuaon scale lithography and hence a high packing density of memory elements 
impossible. Thus, die low bit densities of matrix arrays made from tins material would 
result in a high cost per megabyte of stored information. 

By effectively narrowing the distinction in price and performance between 
archival, non-volatile mass memory and fast, volatile system memory, the memory 
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elements of the present invention have the capabiKty of allowing for the creation of a 
novel non-hiCTarchal "universal memory system". Essentially all of the memory in the 
system can be low cost, archival and fast As compared to original Ovshinsky-type 
phase change electrical memcnies, the memory materials described herein provide over 
six (xdm of magnitude faster programming time Qsss than 30 nanoseconds) and use 
extraordinarily low programming energy Qtss than 50 picojoules) with demonstrated 
long term stability and cyclability (in excess of 20 million cycles). Also, expoimental 
results indicate that additional reductions in element size can increase switchmg speeds 
and cycle life. 

In general, development and optimization of the class of chalcogenide memory 
nnjiT^Tifl^g has not proceeded at the same rate as other types of solid state electrical 
memories diat now have substantially faster switching times and substantially lower set 
and reset enogies. These otiier forms of memories typically employ several solid state 
microelectronic circuit elements for each memory bit (as many as three or four 
transistors per bit) in some memory applications. The primary "non-volatile" memory 
elements in such solid state memories, such as EEPROM, are typically floating gate 
field effect transistor devices which have limited re-piogrammability and which hold a 
charge on the gate of a field effect transistor to store each memory bit Since this 
charge can leak off with the passage of time* die storage of information is not truly 
non-volatile as it is in the phase change media of the prior art where information is 
stxmd through changes in the actual atomic configuration or electronic structure of the 
chalcogenide material from which the elements are fabricated. These other forms of 
mraiories now enjoy some limited acceptance in the marketplace. 

In contrast to DRAM and SRAM volatile memory devices and unlike other 
"flash" devices, such as floating gate structures, no field effect transistor devices are 
required in the electrical memory devices of die present inventbn. In fact the 
electrically erasable, directiy overwritable memory elements of the present invention 
represent the simplest electrical meraoiy device to fabricate, comprising only two 
electrical contacts to a monolithic body of thin film chalcogenide material and a 
semiconductor diode for isolation. As a result, very littie chip "real estate" is required 
to store a bit of information, thereby providing for inherentiy high density memory 
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cliips. Further, and as described below, additional increases in infonnation density can 
b<5 accomplished dirough the use of muldbit storage in each disaete memoiy cell. 

The solid state, electronic memories piesendy in use are relatively expaisive to 
manufacnire, the cost being typically about twice the cost per bit of storage capacity in 
relation to m^etic disk storage. On die odwr hand, these solid state, electronic 
memories provide certain advantages over magnetic disk memories in that diey have 
no moving parts, require less electtical energy to operate, are easy to transport and 
stcoB, and are more versatile and adaptable for use widi portable computers and other 
portable electronic devices. As a matter of fact, hard drive manufacturers ate 
forecasting rapid growtit in die use of ever smallo: hard drives and eventually solid 
state memoiy storage in die portable compater fieU. In addition, these solid state 
memories are usually true randcHn access systems as opposed to disk types whidi 

require physical movemmt of die disk head to die proper data track for accessing die 
desired monofy locatimL Howevor, in spite of sudi advantages, die higher cost of 
solid stale electiically erasable memories have prevented diem from enjoying a 
substantial share rf die market now dominated by magnetic memwy systwns. 
Akhougji scdid state electrically erasable memories could potentially be manufactured 
at reduced cost, die overall peifonnance parameters of diese materials are wMrifg nafr 
for diem to fully replace magnetic disk systems. 

We previously mentioned diat diere woe only four known types of 
semiconductor devices which could be employed to modulate die concentration of fiee 
charge. Each of diose devices were dien discussed in stmie detail A fi£th 
semiconductor device which can be set to a phnaUty of different resistance values by 
reladvdy tow energy poises and which is capable of relatively &st switching 
chaiactcristics will now be discussed in detail After carefuUy perusing die following 
paragraphs describing die perfcimance characteristics and die physks behind die 
operation of die device, die reader will understand why it was not categorized as a 
fifUi type cf charge concentration modulating semiconductor device. 

A lecendy developed memory device is die metal-amoiphtMis silicon-metal 
(MSM) electrical memory switch. See Rose, et al, "Amwphous Silicon Anatogue 
Memoiy Devices", Journal of Non-Crygtalline 115(1989). pp.168-70 and Hajto, 
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et al, "Quantized Electron Transport in Amorphous -Silicon Memory Structures", 
Physical Review Letters. V0L66, No. 14, April 8, 1991, pp. 1918-21. This MSM 
switch is fabricated by the deposidon of specifically selected metallic contacts on 
either side of a p-type amorphous silicon (a-Si) thin film. The importance of the 
selection of the metallic contact materials will be discussed later. MSM memory 
switches are disclosed as exhibiting relatively fast (10-100 ns) analogue switching 
behavior for voltage pulses of from 1-5 volts, thereby providing a range of resistances 
of from about 10^ to about 10^ ohms to which they can be set in a non-volatile 
manner. As should be readily apparent to skilled practitioners in the art, the MSM 
memory switches of Rose, et al and Hajto, et al, although exhibiting electrical 
switching characteristics (i.e.,times, energies and resultant device resistance) shnilar to 
the electrical switching characteristics of the memory elements of the instant invention, 
there are actually significant operational differences therebetween. 

The most significant electrical switching difference resides in the inabili^ of 
the MSM memory switches to be directiy overwritten. That is, tiie MSM switches 
cannot be modulated directiy bidirectionaily from any one resistance in the analogue 
range of resistances to any other resistance in that range without first being erased (set 
to a specific starting resistance or '^starting state"). More specifically, the MSM 
switch must first be set to the high resistance state («ased) before said switch can be 
set to another resistance value within the analogue range. In contrast thereto, the 
memory elements of the instant invention do not require erasure before being set to 
another resistance in the range; i.e., they are directiy overwritable. 

Another significant diffmnce in the electrical switching characteristics which 
exists between the MSM memory switches of Rose, et al and Hajto, et al and the 
electrical memory elements of the present invention is the bipolar behavior of the said 
switches. As is disclosed by Rose, et al, die MSM switches must be erased using 
electrical pulses of reverse polarity from those pulses used to write. Sigiuficantiy, this 
reversal of polarity of the applied pulse is not required by die memory elements of the 
preset invention, whether the instant memory elements are used for digital or 
analogue switching. 

These differences in electrical switching characteristics between die MSM 
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switches and the memory elements of the present invention are attnbutable to more 
than just a mere difference in material from which the elements aie ccnstnicted. 
Tliese differences are indicative of the fundamental differences in switching 

mechanisms whidi characterize the plqrsics of tqwradon of the two devices. As 
alluded to above and as disclosed in the afatementioned articles, the electrical 
switching characteristics of die MSM monoty switehes are critically dependent upon 
tiw particular metal(s) fiom which the contacts are fabricated. This is because tiiese 
MSM switches require a very highly energetic ['fanning" process in which metal fiom 
at least one of the contacts is transported into and formed as an integral portion of die 
sw:itch body. In this process, a plurality (at least 15 fiom Rg. 1 of tiie Rose, et al 
paper) of progressively increasing 300 nanosecond, 5-15 volt pulses are employed to 
form die switch. Rose, et al state: ". JC-ray microanalysis studies of tiie devices have 
been carried out, and die tq) electrode material has hem found embedded in a 
filamentary legion of die a-Si. TWs suggests diat the top metal becomes distributed in 
d» filament, and may play a rude in die mechanism of switching. ..." Rose, et al also 
specifically find diat die dynamic range of the available resistances is detramined by 
die m^ fiom wbach die uppo- electrode contact is fabricated. As is stated by Rose, 
et al: ..jt is found diat its value is entieriy (sic) dependent on die top contact and 
completely independent of die bottom metallisation (sic), Le. Cr tcp electrode devices 
are always digital and V top electrode devices are always analogue irrespective of die 
bottom electrode. ..." 

It is widun this metallic filamoitary regim vthat die electrical switdui^ 
occurs; and widiout dus mass migratim (tf metal into tiie a-Si, tiiere would be no 
switching, see die Hajto. et al paper, b cimqdete contradistinction dmeto, die 
memoiy elements erf tiie present invention do not leqmre migration of the contact 
material into die dnn-film monoty element to achieve high speed, low enwgy, 
analogue, (Urea overwrite, memory switching. As a matter effect, in die fabrication of 
die memoiy elements of the instant invention, great care is taken to prevrat die 
diffusion of die metal from either of die electrodes into die active cfaalcograide 
material. In one embodimem of die device described in die instant invention, tiie 
electinodes are each £ibricated as a bilayeted structure in which, fw instance, carbon 



PCr/US92/06876 

WO 93/04506 

14 

farms a thin film barrier to prevent migration or diffusion of, for instance, 
molybdenum into the chalcogenide switching material 

From the foregoing analysis of Rose, et al and Hajto, et al, it should be clear 
that MSM memory switches do not, by any stretch of the imagination qualify as a 
5 modulator of firee charge concentration. Rather, MSM memory switches simply rely 
upon the creation of a filamentary metallic pathway throu^ the amorphous silicon 
material in order to obtain a range of resistivities in much the same way as a 
modulated switch is used to control the flow of electrical current A percolation 
patiiway is established the diameter of which can be increased or decreased to change 

10 the resistivity thereof. No movement of Fermi level position is involved in the 
switching process. No change in activation of the semiconductor material need be 
invoked to explain the operation. No atomic scale movement of lone pairs of non- 
bonding electrons is present Crystallite size and surface to volume ratio thereof is not 
important But most importandy, it is impossible for Rose, et al and Hajfo, et al to 

15 directiy overwrite infonnation stored in the cells of tiieir memory material Tlie MSM 
switch requires stored information to be erased before new information can be written. 
It is not surprising tiiat Rose, et al have asserted tiiat tiieir MSM switch is limited to 
one million cycles while the memory elements of the instant invention were cycled 
over 20 million cycles without failure prior to ending the test 

20 Simply staled, no solid state memory system developed prior to the present 

invention, regardless of die materials from which it was fabricated, has been 
inexpensive; easily manufacturable; non-volatile; elecuically writable and directiy 
erasable (overwritable) using low input energies; capable of multibit storage in a single 
cell (had a gray scale); and capable of very high packing density. The memory system 

25 described hereinbelow, because it addresses all of the deficiencies of known memory 
systems, will find immediate widespread use as a universal replacement for virtually 
all types of computer memory currendy in the marketplace. Further, because the 
memories of the present invention can be fabricated in an all thin-film format, three- 
dimensional arrays arc possible for high speed, high density neural network, and 

30 artificial intelligence applications. The memory system of the present invention is 
tiierefore uniquely applicable to neural networks and artificial intelligence systems 
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because its multi-layer, three-dimensional anays provide massive amounts of 
information storage that is rapidly addressable, thus peimitting leaning fiom stored 
irfoimadon. 

It is clear fiom die discussion above dm die qnandtadve changes in switching 
sfieed and energy requirements of die memories of the present invention, as compared 
to die phase change memories of die prior an, demonstrate diat diose memories define 
an entirely new class of modulatable semiconductor material. In addition, die prior an 
has no analog to die direct overwrites, wide dynamic range and multibit storage 
capabilities of die instant memory elements. Further, die operation of die 
semicondnctor materials of die present invention occurs solely in die crystalline state 
and is dierefore vasdy different from die operation of aU prior an electrical memoiy 
elements which have eidier reUed upon crystalUne-to-amoiphous phase transitions, or 
depended upon die continual application of a cunem amplification field. Moreover, 
tiia t difference is a consequence of die manner in which not only die concentration of 

ftee charge can be modulated, inter aKa, by an electric field, but die fict diat die new 
concentration of ficee charge to which die device has been modnlated remains constant 
after diat electric field has been removed. This feature represents a fifdi and 
fimdamentally new mechanism for modulating die concentration of ftee charge in 
semiconductor devices and makes possible a range of new and simple switching and 
amplification techniques which have die capabiUty of significandy impacting die 
semiconductcH' industry. 

As should be abundantiy clear to ordinarily skilled anisans, in order to address 
die flash EEPROM market and be seriously considered as a univeisal memory, it is 
essential diat memory elements be truly nion-volatile. Hiis is even more significant if 
die memory elemem is claimed to possess^ multibit storage capabilities, ff a set 
resistance value is lost or even found to significandy drift over time, die information 
stored tiierein is destroyed, users lose confidence m die archival capabiUties of die 
memoiy and die technology loses aU credibility. Any drift witii time, regardless of 
how small, cannot be tolerated and will continue to be a focal poim in die 
development of tiiis new class of memory elemoits. This will be tnie because odm- 
corajMsitions subsequentiy developed to improve switching speed, eneigy, etc, will 
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also require optimizadon for stability. 

In addition to set resistance stability, another highly important factor which 
would be required of a univa:sal memoiy is low switching current This is extiemely 
significant when the EEPROMs are used for large scale archival storage. Used in this 
manner, the EEPROMs would replace the mechanical hard drives (such as magnetic or 
optical hard drives) of present computer systems. One of the main reasons for this 
replacement of conventional mechanical hard drives with EEPROM "hard drives'* 
would be to reduce the comparatively large power consumption of the mechanical 
systems. In the case of lap-top computers, this is of particular interest because the 
mechanical hard disk drive is one of the largest power consumers tiierein. Therefore, 
it would be especially advantageous to reduce this power load, thereby substantially 
increasing the usage time of the computer per charge of the power cells. However, if 
the EEPROM replacement foe mechanical hard drives has high switching cunent 
requirements (and tiierefore high power requirements), the power savings may be 
inconsequential or at best unsubstantial. Therefoxe, any EEPROM vMch is to be 
considered a universal memoiy requires low switching current 

Yet another requirement of a EEPROM universal memory is high thermal 
stability of the information stored therein. Today's computers, especiaUy personal 
computers, are routinely subjected to high temperatures. These high temperatures can 
be caused by internally created heat such as from power sources or otiier heat 
producing internal components. These high temperatures may also be caused by 
environmental factors, such as use of the computer in a hot climate or storage of the 
computer in an environment which is directiy or indirecdy heated to higher than 
nonnal temperatures. Whatever the cause of the elevated temperatures, present 
computer memory systems, especially "hard" or archival memoiy, must be thermally 
stable even at relatively high temperatures. Without this thermal stabili^ data loss 
may occur leading to the aforementioned loss of credibility. To be competitive with 
present memory systems, which are fairly thermally stable, a EEPROM replacement 
will require a thermal stability at least comparable to that of the present memoiy 



systems. 



Still anotiier requirement of a EEPROM universal memory is long wiitt/erase 
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cycle life. For EEPROMS, as is the case with all archival memory, cycle life plays an 
important role in consumer confidence and acceptance. If the cycle life of a memory 
device is too short, the consumer will be advise to using this device for fear of losing 
valuable data. If the EEPROM is to be used as a replacement for computers main 
memory <» display memory, that is, as a replacement for DRAM or SRAM, the 
rec[uirement of long cycle life is even more critical. Hie main and display memory are 
a computer's most often written to/nased data storage area. Every time a new 
compute program is loaded, a pordon of the computer's main memory is erased and 
rewritten^ During the execution of a computer program, a portion of the computer's 
main memory is constandy being cycled. Every time the computer monitor's display 
is i:hanged, portions of the display memory are cycled. If die EEPROMs used to 
replace the computer's main and display memory do not have a relatively long 
wri te/erase cycle life, tiiese memories would need to be replaced excessively. This 
would lead to excessive costs to die consumer and therefore loss of consumer 
cocfidmce. 

SUMMARY OF THE INVENTION 

There is disclosed herein fundamentally new solid state, direcdy overwritable, 
electronic, non-volatile, high density, low cost, readily manufacnmble, single cell 
memory elements having reduced switching current requirements and greater diermal 
stability data stored therein. These memory elements utilize a unique class of 
chalcogenide memory materials which exhibit (Hders of magnitude higher switching 
specsds at remarkably reduced energy levels. The novel memory materials, of which 
the memory elements and arrays of the inistant invention are f(»med, are characterized, 
uiter alia, by stable and truly non-volatile detectable configurations of local atomic 
and/or electronic order which can be selectively and repeatably established by 
electrical input signals of varying pulse voltage, current and duration. The memory 
devices of the instant invention are therefore switchable between atomic anchor 
eleciionic configurations of different local order in a single crystalline state so as to 
provide at least two stable settings. The orders of magnitude of improvement in 
switi:hing speeds and in switching energies made possible by die memory elements 
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disclosed herein is not merely incremental in nature, but rather represents a 
fundamental improvement beyond what was previously thought possible. 

While theories on the memory materials described herein are presendy being 
investigated, no theory as yet proposed explains all of the extraordinaiy electrical 
switching behavior observed. Specifically, the subject semiconductor materials can be 
switched between numerous electrically detectable conditions in nanosecond time 
periods with the input of picojoules of energy. The subject memory materials are truly 
non- volatile and can be cycled (written and rewritten) almost indefinitely while 
maintaining the integrity of the infoimation stored by the memory cell without the 
need fc^ periodic refiesh signals. The subject memory material is direcdy overwritable 
so that information stored in other memory elements need not be erased (as is required 
with ferroelectric and other flash storage systems) in ord^ to change infcnmation 
stored in a given set of memory elements. 

In a first embodiment of the instant invention, an electrically switchable, 
direcdy overwritable, multibit, single-cell memory dement is described which includes 
a volume of memory material defining a single cell memory. The memory material is 
characterized by a large dynamic range of electrical resistance values and the ability to 
be set at one of a plurality of resistance values within said dynamic range in response 
to a selected electrical input signal so as to provide said single cell with multibit 
storage capabilities. A pair of spacedly disposed contacts are provided for supplying 
said electrical input signal to set said memory material to a selected resistance value 
within the dynamic range and the single cell of memory material is setable, by said 
selected electrical signal to any resistance value in said dynamic range* regardless of 
the previous resistance value of said material. 

In a second embodiment of die instant invention, there is described an 
electrically operated memory array of direcdy overwritable, multilevel, single cell 
memory elements. The array includes a substrate and a plurality of electrically 
activated direcdy overwritable, multilevel, single cell memory elements spacedly 
disposed in a plurality of rows and columns on the substrate. Each of the memory 
elements has an isolation device associated tiierewidi to electrically isolate the element 
from the remained of die elements. Each of die single cell memory elements is 
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defined by a vdmne of memoiy materiaL The memory material possesses an energy 
modulatable Fetmi level position, said position characterized by the aWUty to be 
modulated over a large range of electrical resistances while maintaining a substantially 
constant optical band gap. Tbe material is characterized by die abiHty to be set at one 
of a plurality of resistance values within the dynamic range in response to a selected 
electrical input signal so as to provide die cell witii multilevel storage amiabilities. 
Each of tbc memory elem«its iiirtiier inchides a pair of spacedly disposed contacts for 
^plying an electrical iiq>ut signal to set said memory material to a selected resistance 
value within the dynamic range. Hie contacts serve as tenninals for reading from and 
wii ting to the memoiy element The single cell of memoiy material is settable, by 
saiii selected electrical signal to any resistance value in said dynamic range, and said 
material is c^ble of remaining set at said value after the tennination of the set signal. 
Adlress lines are provided so as to make electrical contact with the volume of memory 
material and with the isolation device, th^-eby providing means for selectively and 
indi viduaUy setting and reading tiie resistance values of each discrete memory element 

In a tiiird embodimmt of tiie instant invention, dim is disclosed a metiiod of 
mo(hilating the position of the Ffetmi level of a microcrystalline senuconductor 
material, selected ftom tiie group consisting of Se. Te, Ge, Sb, Bi, Pb, Sn, As, S, Si, P. 
O and mixtures or alloys tiiercof, relative to a band edge tiiereof into any one of a 
plurality of metastable detectable positions. The material is characterized by a large 
dynsunic range of substantially different electrical conductivities corresponding to die 
Fermi level position and a substantially constant optical band gap tiuoughout tiie entire 
range. The metiiod includes the steps of providing a homogeneous body of 
chalcogenide alloy material, applying an electrical signal to modulate tiie position of 
the Fermi level tiiereof to a selected position so as to obtain a given conductivity value 
witiiin die dynamic range, and terminating die qiplication of energy to die material 
while maintaining tiie position of tiie Fermi level tiiereof at substantially tiie selected * 
position to which it was modulated. 

In a fourtii preferred embodiment of tiie instant invention, tiiere is disclosed a 
metiiod of modulating tiie electrical conductivity of a multi-element composition of 
microcrystalline semiconductor material, die constituent elements of which are 
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int^oupled to fonn a lattice smictime defining the crystallites of the material. Hie 
modulation is accomplished by varying the concentration of firee chaige contributed by 
the presence or absence of atoms of at least one of the consdment elements in the 
composition. The method includes the steps of providing a composition of 
microcrystalline semiconductor material which includes a volume fraction of 
crystallites, the crystallites defined by a lattice structure which incoipOTates atoms of 
each of the constituent elements in the composition; applying an electrical signal to the 
mat^ial so as to add or subtract charge carriers contributed by said one of the 
constituent elements in said composition into or out of the lattice structure, whereby 
the electrical conductivity of the material is modulated to a value which is dependent 
upon the concentration of free charge contributed by said at least one constiment 
elemenq and maintaining (a) the concentration of fiee charge determined by the 
application of energy , and (b) the new value of electrical conductivity of the material 
after terminating the application of the signal to said material 

In the fifth embodiment of the instant invention, an electrically operated, 
directiy overwritable, multilevel, single-cell memory element is described which 
includes a volume of memcxy material defining a single cell memory. The memoiy 
elements include a pair of spacedly disposed contacts between which is disposed the 
volume of memory material. The contacts provide terminals for reading information 
stored in and writing information to said memory elements. The memory elements 
also include means for applying said electrical input signal to set said volume of 
memory material to a selected resistance value. The volume of memory matmal is 
formed from a plurality of constituent atomic elements, selected from the group 
consisting of Te, Ge, Sb, Bi, Pb, Sn, As, S, Si, P, O and nuxtures or alloys thereof, 
each of which is present throughout the entire volume of memory material The 
volume of memory material including means for varying the positional composition of 
said volume of memory material so as to substantially reduce drifting of the resistance 
thoeof from a selected resistance value. This memory material is characterized by a 
large dynamic range of electrical resistance values and the abili^ to be set to one of a 
plurality of resistance values within said dynamic range, regardless of the resistance ' 
value to which said memory material was previously set, in response to a selected 
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electrical input signal so as to provide said single cell with multilevel storage 
capabilities. The memory material remains set at said selected resistance value without 
driift after the input signd has been terminated. The aforementioned means for varying 
ti«5 positional composition of said volume of memory material may be accomplished 
by forming die volume of memory material in compositionally graded, layered, and 
combination graded/lay«:ed forms as well as by otiierwise compositionally modifying 
the volume of memory matwial to yield reduced values of resistance due to drift Of 
course, this has been accomplished in a maimer which can also accommodate a means 
of changing tfie band gap, altering the lattice stress or otiierwise changing tiie atomic 
or electronic motion of electrons, including the lone pair electrons. 

In tiie sixtii embodiment of the instant invention, a directiy overwritable, single- 
cell memory element is described which includes a volume of memory material The 
memory element includes a pair of spacedly disposed contacts between which is 
disposed tiie volume of memory material. The contacts include a tiun-film layer of 
silicon disposed adjacent the vdume of memory material so as to movide terminals for 



reailing infcnrnation stored in and writing infcmnation to said memoiy elements. The 
memory elements also include means for applying said electrical input signal to set 
said vohme of memory material to a selected resistance value. The volume of 
memory material is formed &om a plurality of constituent atomic elements including a 
chalcogen of Se, Te and mixtures or alloys tiiereof, and is characterized by having at 
least two detectable values of electrical resistance and the ability to be set to one of a 
the detectable resistance values, regardless of the resistance value to which said 
mciaory material was previously set, in response to a selected electrical input signal. 
The memory material remains set at said selected resistance value without drift aflter 
tiie input signal has been terminated. 

Otiier embodiments and features of the present invention as well as other 
adv^mtages and objects tiiereof will be set fortii and become apparent fiom tiie detailed 
description of tiie invention which follows hereinafter, especially when taken in 
combination with die accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Kg. 1 is a fiagmentaiy cross-sectional view illustrating a portion of an 
integrated circuit, said circuit depicting an electrically erasable and directly 
overwritable multilevel memory configuration of a first preferred embodiment of the 
present invention; 

Fig. 2 is a fragmentary doss-sectional view illustrating a portion of an 
integrated circuit, said circuit depicting an electrically erasable and diiecdy 
ovtfwritable multilevel memory configuration of a second preferred embodiment of the 
present invention; 

Fig. 3 is a top plan view schematically illustrating a portion of the integrated 
circuit configurations of Figs. 1 and 2; 

Hg. 4 is a schematic circuit diagram illustrating a portion of the X-Y matrix 
array of isolation elements in combination with the memory elements of the integrated 
circuit configurations of Figs. 1 and 2; 

Fig. 5 is a schematic lepiesentation illustrating a single crystal semiconductor 
substrate with the integrated memoiy matrix of the instant invention as dqricted in 
Figs. 1 and 2 placed in electrical communication with an integrated circuit chip on 
which the addtes^drivers/decoders are operatively affixed; 

Hg. 6 is a graphical representation in which device resistance is plotted on the 
ordinate and signal pulse voltage is plotted on the abscissa, said graph illustrating the 
multilevel storage capabilities of single memory cell elements of the instant invention; 

Fig. 7 is a tabular representation of data taken on the novel semiconductor 
material of the present invention comparing the electrical and optical properties far the 
amoiphous and the different crystalline phases of said material; 

Fig. 8 is a t^noary phase diagram of the Ge:Sb:Te alloy system finom which the 
memory elonents of the instant invention are fabricated, said phase diagram showing 
die multiple phases into which various mixtuzes of these elements segregate upon rapid 
solidification; 

Fig. 9 is a graphical representation of cycle life data taken on the improved 
memory elements of the instant invention and particularly depicting the stable set 
resistance widi respect to cycle history; and m which electrical resistance is plotted on 
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die (Kdinate and set pulse voltage is plotted on the abscissa; 

Rg. 10 dqiicts the atomic structural layering of diree ternary alloys of the Ge- 
Sb-Te system of Fig. 7 as well as the atomic siructuie of binary Ge-Te so as to 
illustrate die anisotropic structure of die systems; 

Figs. 11a. lib and lie are diree dimensional graphs depicdng device resistance 
(iji kohms) as a function of set jiulse amplitude (in mA) and one of pulse rise time, 
piilse M time or pulse widdi (in nsec), respectively; 

Figs. 12a and 12b are graphical rqnesentations of memory elements which 
have and have not, respectively, been compositionany modified to reduce set resistance 
value drift, and in which electrical resistance is plotted on the ordinate and elapsed 
time (since setting die memory element) is plotted on the abscissa; 

Hg. 13 is a graphical representation of data taken for a memoiy element 
inchiding a volume of memoiy material having a nominal chemical composition of 
(TcjiGejjSbajV^iaSej witiiout die sttuctural modification of die instant invention, 
specificaDy depicted is die device resistance plotted on die ordinate versos die 
write/erase cycle number plotted on die abscissa; 

Fig. 14 is a graphical representation of data taken for a memory element 
including a volume of memory material having a nominal chemical composition of 
(Te$sGe22Sba)9^ijSe5 having die inqnoved structure of die instant invention, 
specifically depicted is die device resistance plotted on die ordinate versus die 
wriWcrase cycle nomber plotted on the abscissa; and 

Hg. IS is a graphical representation of data taken for a memray element 
including a volume of memoiy material having a nominal chemical composition of 
(Te3sGejaSb22)9oNi5Se5 (i.e. die modified material) and a memoiy dement including a 
volume of memory material having a nominal chnmcal composition of TejgGejjSbj, 
(i.e. die standard material), specificaUy deleting data retention time plotted on die 
ordLiates versus device temperature (a a functkm diereoQ on die abscissas. 

DETAILED DE^STRTPTIONT QF THE fNVFNTTONf 

EiasaWe electrical memories fabricated from die broad class of chalcogenide 
materials have emptoyed structural changes diat were accommodated by movement of 
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certain atomic species within the material to permit change of phase as the material 
switched torn the amorphous state to the crystalline state. For example, in the case of 
electrically switchable chalcogenide alloys formed of tellurimn and geimanimn, such 
as those comprising about 80% to 85% tellurium and about 15% germanium along 
with certain other elements in small quantities of about one to two percent each, such 
as sulfur and arsenic, the more ordered or crystalline state was typically characterized 
by the fonnation of a highly electrically conductive crystalline Te filament within tiie 
switchable poie of the memory matoial. A typical composition of such a prior art 
material would be, for example, TegiGei5S2As2 or TcgiGei5S2Sbj, Because Te is so 
highly conductive in its crystalline state, a very low resistance condition was 
established through the Te filament in the more ordered or crystalline state; this 
resistance being a number of orders of magnitude lower than the resistance of the pore 
in the less ordered at amorphous state. 

However, the formation of the conductive Te filament in the crystalline state 
required migration of the Te atoms from their atomic configuration in the amorphous 
state to the new locally concentrated atonuc configuration in the crystalline Te filament 
state. Similarly, when the chalcogenide filamentary material was switched back to the 
amorphous state, the Te which had precipitated out into die crystalline filament was 
required to migrate within die material from its locally concentrated foam in the 
filament back to its atomic configuration in the amorphous state. Hus atomic 
migration, diffusion or rearrangement between the amorphous and crystalline states 
required in each case a holding or dwell time of sufficient length to accommodate the 
migration, thereby making the requisite switching tune and energy relatively hi^. 

The subject inventors have now discovered a remarkable reduction in both the 
required switching time and the energy input for a fundamentally different typo of 
electrically erasable, diiecdy overwritable memory based up on a new class of 
chalcogenide semiconductor materials. Moreover, the chalcogenide materials of the 
instant invention are based on fundamentally new physics, the operation of which, 
although not fully understood, provides for switching either within a wide dynamic 
range of stable states within a given crystalline lattice structure or between differrat 
crystalline states with remarkably low energy inputs at remarkably fast speeds so that 
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tliis newly discovered class of materials can be used to fabricate improved electrical 
memoiy elements. In operation, these novel materials are based upon the abffity to 
create a very high. non-volatUe and modulatable concentration of fiee charge in narrow 
band gap semiconductor material in which the band gap can be tailored. ITiese 
materials are different tiian conventional amorphous and crystalline materials in that 
the crystallites can resemble tbt mm disordered state and heavily influence the 
eliK^ronic conductivity of die switch. 

SpedficaUy, die memoiy material of the present invention can be switched 
between electricaUy detectable conditions of varying resistance in nanosecond time 
periods (die minimimi switching speed and minimum energy requirements have not as 
yet t>een ascertained, however, experimental data as of die filing of tius application 
have shown tiiat die electrical memoiy of tiie instant invention can be modulated (even 
tiiough not optimized) witii as short as 1 nanosecond programming pulses) with die 
inp.ut of picojoules of energy. This memory material is non-volatile and wifl maintain 
die integrity of die infonnation stored by die memory ceU (within a selected margin of 
error) widiout die need for periodic reftesh signals. In contrast to many odier 
senuconductor materials and systems heretofore specified for memory appUcations, die 
senriconductor memoiy material and systems of die presem invention are diiectiy 
overwritaUe so diat die discrete menxny elements need not be erased (set to a 
specified starting point) in order to change information stored tiieic. The remaricably 
fast and low energy switching to any of die different values of resistance can be 
attributed to die fact diat said switching occurs widiout die need for gross atomic 
rearrangement of die switching material Our current understanding suggests diat die 
memory material is present in a microctystalline phase and experimental evidence also 
demonstrates die existence of some conespoadenoe between aystallite size of die 
mia-ooystalline semiconductor material and die ability of diat material to quickly 
assume odier stable states upon die qiplicaticm of a low energy signal. 

AUhough spedBc ocamples <rf semicondnctar materials adapted for, inter alia, 
tammy usage are described bekw. die memoiy elemem of die present invention can 
be fabricated finom any body of semiconductor material which meets die requiremem of 
mod u la t a bl e fiee diar^e concentration hv shifHnff thi> v^rmi ^^^^ 
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band edge. Particularly, for the newly discovered family of semiconductor materials as 
applied to electrical memories, the result is high-speed, low-energy, diiect-overwrite 
operation. The memory material is formed firom a plurality of consdtuem atomic 
elements, each of which is present throughout the entire volume of memory material. 
The plurality of consdtuem atomic elements preferably includes at least one chalcogen 
element and may include at least one transition metal element The term "transition 
metal" as used herein includes elements 21 to 30, 39 to 48, 57 and 72 to 80. More 
preferably, the plurality of constituent atomic elements which form the volume of 
memory material includes elements selected fipom the group consisting of Te, Se, Ge, 
Sb, Bi, Pb, Sn, As, S, Si, P, O and mixtures or alloys thereof. More preferably the 
transition metal includes Cr, Fe, Ni and mixtures of alloys thezeof and the chalcogen 
element includes Te and Se. Most preferably the transition metal is NL Specific 
examples of such multi-element systems are set forth hereinafter with respect to the 
Te:Ge:Sb system witii or without Ni and/or Se. 

As is well known to those skilled in the art, chalcogenide semiconducttir 
materials, like other semiconductcHS, are characterized by a forbidden energy zone or 
band gap separating their conduction and valence bands (see the "Cohen, Fritzsche, 
Ovshinsky model" describing the mobility gap of chalcogenide semiconductor 
materials). The Feimi level position, Le., the energy at which the probability of 
occupancy of an energy level is 50%, determines, in part, the electrical conductivity of 
the semiconductor material and, as it is moved to substantially different positions in 
the band gap, a large dynamic range of electrical conductivities become possible. 
However, previously hypothesized theories can neither explain the very low energy 
requirements needed to change the position of die F^mi level and thereby set the 
memory elements at a given resistance value nor can they explain the types of results 
presented graphically below, particularly the remarkable ability to move to 
intermediate values of resistance in both directions (from values of lesser resistance to 
values of greater resistance upon the input of a given electrical signal as well as visa 
versa) without returning to the aforementioned initial "starting state" which requires 
operation only in a single direction of movement (from values of higher resistance to 
values of lower resistance), lliat is why we state that the semiconductor matoial of 
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the instant invention is truly directly overwritable. Regardless of the explanation of 
the manner in which this is accomplished, the present invention provides a 
combination of valuable electrical switching characteristics never before available in a 
single memory element It must be pointed out ^ raperimental results have 
demonstrated that the chalcogenide compositions, investigated to date, employ hole 
conduction and when used fir multilevel data storage operation, input signals can 
move die Fermi level position from a position in midgap to die valence band edge and 
ewm to a point deeper into the valence band. As a matter of fact, it appears that the 
dynamic range is present widiin die valence band. 

A fundamental rule distinguishing noncrystalline solids fiom tiidr crystalline 
coimterparts is tiiat die constitoent auims of die nrai-crystalline phases have bonding 
options. This is tiie j^DSJiaSLaffla of noncrystalUne solids. It results fiom die fact tiiat 
crystalline symmetry prescribes die lattice which, in turn, restricts chemical bonding 
choices. All of dw properties possessed by an amorphous solid; its cdwsive eiiergy, 
its resistance to crystallization, its optical band gap, its mobiHty gap, its density of 
eleiaronic states, etc., depend upon diree fectois; its short range bonding relationships, 
its varied uxpaiog^cal configurations, and its total intoactive environment An 
amcjrphous material, however, can be a nonstoichiometric alloy in a nonequillibrium 
configuraticm, consisting of many different Qrpes of atoms, providing a variety of local 
ordisr and environments. Hie crystallites fiom which a large volume fraction of die 
semiconducKv material of die instant invention is composed, are very small, on die 
ord{a- of (by way of example) 500 Angstroms in major dimension. These crystallites 
are surrounded by a skin or surface region of structuraUy disordered material which 
may only be a few atomic monolayers duck. Thaefijie. an amorphous model or at 
least a model characterized by only short range local onler, can best be employed to 
attempt to predict die molecular and attunic interactions in die surface region. MWdiout 
wishing to be bound diereby, such a descriptive model will be described in die 
following paragraphs. 

The specific semiconductor alloys employed in fabricating die memory devices 
include chalcogenide elements which are particularty noted for die presence of "lone 
pair" electrons. It is tiierefore necessary to discuss die effect of diose lone pair 
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electrons in available chemical bonding configurations. Simply stated, a lone pair is a 
pair of electrons in tht valence shell of an atom that is typically not engaged in 
bonding. Such lone pair electrons are important both strucnmlly and chemically. 
They influence the shape of molecules and crystalline lattice structures by cxerdng 
strong repulsive forces on neighboring electron pairs which arc engaged in bonding 
configurations and as well as oh odier lone pairs. Since lone pair electrons are not 
tied down into a bonding region by a second nucleus, they are able to influence and 
contribute to low energy electronic transitions. As first pointed out by Ovshinsky, the 
lone pairs can have 1 and 3 center bonding; and as demonstrated by Kastner, Adler 
and Fritsche, they have valance alternation pairs. 

Specifically, the tellurium alloys described herein have a valence band made up 
of lone pair states. Since four (4) p shell electrons are present in Te, and the Te att)m 
is chemically bonded by two of these bonding electrons in die p shell, die other two 
outer electrons (the lone pair) are not utilized for bonding purposes and hence do not 
substantially change the atomic energy of the system. In this regard, note that the 
highest filled molecular orbital is the orbital which contains the lone pair electrons. 
This is significant because, in a perfect stoichiometric crystal of tellurium and 
germanium aKmis, upon the application of some internal strain in die lattice from 
which the crystallite is fonned, die valence band can broaden and move upward toward 
the position of the then existing Fermi level. However, TeGe crystals are naturally 
"self-compensated", tiiat is, die ciystal desires to prcf^entially assume a Te rich (52 
percent Te and 48 percent Ge) composition. The stoichiometric crystal is a fece 
centered cube; however, with die addition of a minimal amount of energy, the crystal 
can assume a rhombohedral lattice structure by increasing the number of its Ge and/or 
Sb vacancies. It is this creation of vacancies in the crystalline lattice structure, which 
can reduce lattice strain in TeCSe alloys, is responsible for lowering the energy state of 
the material and moves die Fermi level toward the valence band. 

Although we have only demonstrated die existence of stable intermediate values 
of resistance in die rhombohedral crystal structure, the system is microcrystalline in 
which die grain size is very small and the sur&ce skin may play a very significant 
role. It is therefore acceptable, if not essential to superimpose an amorphous model of 
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lo;al order on top of a short range local order model for the purpose of obtaining a 
descriptive, if not perfectly predictive explanation of atomic behavior. When 
considering the amorphous nature of the material, note that the density of defect states 
in the band tails is greatest adjacent the band edges, while die depth of the 
5 recombination centers for captured charge carriers are deeper £arther away from the 
baad edges. The presence of diese deep traps and tail states would provide a possible 
explanation for intennediate stable resistance values between the Fenni level position 
and the band edge. Etegaidless of theory, the semiconductor material of the instant 
invention is a degenerate semiconductor which exhibits metallic-like conduction. 

10 It is fiirdier believed that die size of die crystallites which exist in die bulk of 

the semiconductor and memory material is relatively small, preferably less than about 
20<X) A, more preferably between about SO and 500 A» and most preferably on the 
order of about 200 to about 400 A. Furtiier, tiiese crystallites are believed to be 
suirounded by an amorphous skin which may ccmtribute to the rapid formation of the 

IS many Fenni level positions of die material, detectable as different resistances 
(conductivities), as well as tt) the lower energy requirements for the transitims 
between diese detectable resistance values to which die material can be reliably and 
repeatably set 

In accordance with still another aspect of the present invention, it has been 
20 found that modulation of the switching characteristics of two or three terminal 

semiconductor devices fabricated from the microcrystalline materials of the present 
invention may be controlled such that repeatable and detectable resistance values can 
be effected. It has been found diat, in order for the materials of die present invention 
to be quickly set by low energy input signals to a desired conductivity (determined by 
2S the Formi level position), it is only necessary that said materials are capable of stable 
(or long lived metastable) existence witii a at least two different Fomi level positions, 
wliich Fermi level positions are characterized by substantially constant band gaps but 
different electrical conductivities. 

As noted above, it is also believed that the relatively small crystallite size may 
30 contribute to the rapid transition between detectable values^of resistance. It has now 
been postulated that a microcrystalline lattice structure switches more rapidly between 
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these resistance values because ±e microstructuies can be readily adjusted on an 
atomic level For instance, when the Ime pair electrons which are responsible for the 
rapid switching, bonds widi the Ge or Sb atoms do not have to be broken by the 
electrical pulse in order to provide for increased electrical conductiviQr. 

One characteristic of the semiconductor materials of the present invention is 
their tendency toward the formation of more and smaller crystallites per unit volume. 
Qystallite sizes g£ the widest prefeiendal range of repiesentadve matmals embodying 
the present invention have been found to be far less than about 2000 A, and generally 
less than the range of about 2,000 to 5,000 A which was characteristic of prior art 
materials. Qystallite size is defined herein as the diameter of the ciystallites, or of 
their "characteristic dimension" which is equivalent to the diameter where die 
crystallites are not spherically shaped 

It has been determined diat compositions in the highly resistive state of the 
class of TeGeSb materials which meet the criteria of the present invention are 
generally characterized by substantially reduced concentrations of Te relative to tiiat 
present in prior art electrically erasable memory materials. In one composition that 
provides substantially improved electrical switching performance characteristics, the 
average concentration of Te in the as deposited materials was well below 70%, 
typically below about 60% and ranged in general &om as low as about 23% up to 
about 58% Te and most preferably about 48% to 58% Te. Ccmcentrations of Ge were 
above about 5% and ranged firom a low of about 8% to about 40% avmge in the 
material, remaining generally below 50%. The remaind^ of the principal constituent 
elements in this composition was Sb. The percentages given are atomic percentages 
which total 100% of the atoms of the constituent elements. Thus, this composition 
may be characterized as Te^Ge,)Sb|oo^). These ternary Te-Ge-Sb alloys are useful 
starting mat^als for the development of addidonal memory materials having even 
bettOT electrical charact^tics. 

A ternary diagram of the Te:Ge:Sb system is shown in Fig. 8. Melts were 
prepared from various mixtures of Te, Ge and Sb, die melts segregated into multiple 
phases upon r^nd solidification. Analysis of diese rapidly solidified melts indicated 
the presence of ten different phases (not all present in any one rapidly solidified melt). 
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These phases are: elemental Ge, Te and Sb, the binary compounds GcTe, and Sb^Tej 
and five different temaiy phases. The elemental compositions of all of the temaiy 
phases lie on the pseudobinaiy GeTe-SbjTe, line and ate indicated by the reference 
letters A, B, C, D and E on the temaiy diagram shown in Hg. 8. The atomic ratios of 
the elements in dieses five temaiy phases are set forfli in Table 1. A more detailed 
description of Fig. 8 is presented hereinbelow. 



Ibserved Ternar' 



Table I 

Crystalline Phase s of the TeGeSb Svgf PTn 

Te 



Desianation 


At % Ge 


At % Sb 


At % 


A 


40 


10 


50 


B 


26 


18 


56 


C 


18 


26 


56 


D 


14 


29 


57 


E 


8 


35 


56 



Tie novel memory elements of the present hivention hvdude a vohmie of memoiy 
material, said memcny material preferably includtag at least one chalcogen and can bdude one 
or more tianation metals. The memory materials wfaidi include transition metals are 
elemental^ modified forms of our memory materials in the Te-Ge-Sb temaiy qrsten. TTiat is, 
the dementally modified memory materials consdtidB modified fonns of the Te-Ge-Sb memory 
aUoys. This elemental modificatiai is adueved by die mcoiporation of transition metals into 
the basic Te-Ge-Sb temaiy system, wfth or whhou an additional chalcogen element, such as 
Se. Generally die elemoitally modified memory materials £all mto two categories. 

First is a memoiy material wUdi indudes Te, Ge. Sb and a transition metal, in die 
ratio (Te,GebSbMio.^rt»)»TMTOm where die subscripts are hi atomic peicenuges which total 100% 
of the constituem elemeius. wberehi TM is one ormore transition metals, a and b are as set 
forth heieui above for tiie basic Te-Ge-Sb temaiy system aiKi c is bttween about 90 and ab^ 
99.5%. The transition metal can pvrferablyfaidude a. Fe.M and mbmires of ancqrstiiereo^^ 
Specific examples of memoiy materials encompassed by tids system would ii y Jtid e 
CressGeaSbo)^ (Jtsfiej^bj^i^i^ (Tesfiet^bg^^s. (J^sfiet^btdifiijo, 
(Tej4GeaSbB)9sF«?$. Crc5,Gej,Sba)9oFeio. (re«Ge22SbB),oNijQ5. (Tej^GeaSbsBW^jFe,. 
(T^GejjSba)»CrsFe„ etc 

Second is a memory material which mchides Te. Ge. Sbk Se and a tnmsiticm metal, m 
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the ratio (Te.GebSbxoa^4b))eTMdSeioo^ where the subscripts are in atomic percentages which 
total 100% of the constitueat elements, TM is one or more transition metals, a and b are as set 
forth hereinabove for the basic Te-Ge-Sb ternary system, c is between about 80 and 99% and d 
is between about 0.5 and 10%. The transition metal can preferably include Cr, Fe, Ki and 
mixtures of aUoys thereof. Specif c examples of memory materials encompassed by this 
system would include (Te56Ge22Sb22)9oNi5Se5. (Te56Ge22Sb22)»NiioSeio. (Te56Ge22Sb22)9oCrsSes. 
CTes^GejjSiygoCrioSeio, (Tes^GeaiSb^joFe^Sei. (Te56Ge22Sb22)goFeioSeio. 
(Tes6Ge22Sb22)g5^rl5C^5Se5. (Jtsfie^Sh22)tg^i^e^Sc^o. (Jesfie22Sb22)^CTjFesStss etc 

The memory elements of the instant patent application possess substantially non- 
volatile set resistance values. However, if the resistance value of the instant memory elements 
does, under some dicumstances, drift from its original set value, "compositional modification", 
described heremafter, may be used to eliminate for this drift. As used heiem, the temi "non- 
volatile" will refer to the condition in which die set resistance v£due remains substantially 
constant for archival time periods. Of course, software (including the feedback system 
discussed hereinafter) can be employed to insure tiiat absolutely no "drift" occurs outside of a 
selected margin of error. Because drift of the resistance value of the memory elemoits can, if 
left unimpeded, hinder gray scale storage of informatioru it is desirable to minimize drift. 

"Compositional modification" is defined herein to include any means of 
compositionally modifying die volume of memory material to yield substantially stable values 
of resistance, iticiM^^tng die addition of band gap widening elements to increase the inherent 
resistance of the material. One example of compositional modification is to include graded 
compositional inhomogeneities with respea to thickness. For instances, the volume of memory 
material may be graded from a first Te-Ge-Sb alloy to a second Te-Ge-Sb alloy of differing 
composition. The compositional grading may take any form which reduces set resistance value 
drift. For example, die compositional grading need not be limited to a first and second alloy 
of the same alloy system. Also, the grading can be accomplished widi more than two alloys. 
The grading can be unifonn and continuous or it can also be non-uniform or non-continuous. 
A specific example of compositional grading which results in reduced resistance value drift 
includes a unifonn and continuous grading of GeuSbjsTejj at one surface to GcjaSfa^Te^^s at die 
opposite surface. 

Another manner of employing compositional modification to reduce redstanoe drift is 
by layering the vdume of memoiy material That is, the volume of memory material be 
formed of a plurality of discrete, relatively diin layers of differing composition. For example, 
the volume of memory material may include one or more pairs of layers, each one of which is 
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foimed of a different Te-Ge-Sb aUoy. Again, as was the case with graded compositiCHis, any 
combination of layers which results in substantially reduced resistance value drift can be 
employed. The layere may be of similar thickness or they may be of differing thicla^ Any 
number of layers may be used and multiple layers of the same alloy may be present in the 
volume of memory material, either contiguous or remote from one another. Also, layers of 
any number of differing aUoy composition may be used. A specific example of compositional 
layering is a volume of memoiy material which includes alternating layer pairs of GeMSb^jTe,, 
and! GejjSbjjTesfi. 

Yet anoAer forai of compositional inhomogeneity to reduce resistance drift is 
accomplished by comlnning compositicmal grading and compositional layering. More 
particulariy, the aft^remendoned compositional grading may be combined widi any of die above 
described compositional layering to form a stable volume of memory material. Excmplaiy 
vohmies of memoiy material which emjioy diis comlrination are: (1) a volume of memoiy 
material which includes a discrete layer of Gex^hj^T^ss Mowed by a graded composition of 
GewSbaTe,; and Gej^SbaTcse and (2) a volume of memoiy material whidi inchides a discrete 
layer of Ge,4Sb»Te57 and a graded composition of Ge,4Sb»Tcs7 and GezaSbaTcs^. 

Re&ning now to Fig. 1* there is shown a cioss-sectional view of a portion of the 
stnuaure of an electrically erasable memoiy of die present invention foimed on a single crystal 
silicon semiconductor wafer 10 which is p-doped and which forms a p-substiate for die 
deposition of the remaining elements of die configuration illustrated. Fbnned in the p-substiate 
10 are n+ channels 12, whidi may be diffusion doped in a manner well known in the ait 
Thesie n+ channels extend across the chip in a direction peipendicular to the plane of die 
illustration and form one set of electrodes, in this case the y set, of an x-y electnxie grid for 
addrsssing the individual memoiy elments. 

A top of this n-f grid strocture is foimed an n-doped crystalline epitaxial layo* 14 about 
5,000 A tiiick. Using known masking and doping techniques, p-doped isolation channels 16 
are then foimed in tiie n-epitaxial layer 14. These p-doped isolation channds 16 extend all the 
way down to die p substrate 10 as shown in Fig. 1 and also extend completely aiound and 
isolate and define islands 18 of the n-epitaxial layer 14. The islands 18 are shown more 
clearly in the top view of Fig. 2 wheidn the p isolation channels arc shown as foiming an 
isolation grid ieSsang and isolating the islands 18 of n Ataxia! material. Instead of die p- 
dopeil isolation diannels, SiOt^ isolation trendies may be used for isolation of die islands 18. 
The technique of fonnation of such SiOj isolation trendies is wdl known to tiiose skilled in 
flieait. A layer 20 of themiaDy grown SiOa is tiien fonned on tiie stractore just descri 
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etched to fonn apemues 22 over the islands 18. Diffiision regions 24 of pf mateiial aie tben 
fanned within the areas defined by the apertures 22 as shown in Hg. 1. The semiconductor 
junctions of the pf regions and the n epitaxial layer define p-n junction diodes 26 in series 
with each of the regions of the n epitaxial layer exposed throu^ the ap^tures 22 of the SiO^ 
layer 20. 

The memory elements 30 are then deposited over the p+ regions 24 in individual 
olmiic electrical series contact with the diodes 26. The memory elements 30 compose bottom 
thin electrical contact layers of high corrosion resistance metal (such as, for example, 
molybdenum) 32. Previously, in the Ovonic EEPROM, single layers of electrically conductive 
amorphous carbon were used as diffusion barmr layers 34 and 3S; however, in the structurally 
modified memoiy elements of the instant invention these a-carbon layers have been modified 
or leidaced. This modified structure includes either a single amorphous silicon layer in place 
of the amorphous carbon layer or a thm silicon layer disposed between the amorphous carbon 
layer and the layer of memory material 36. The upper diin electrical contaa layer of conodon 
resistance material 40 is fiabricated of molybdenum and the electrically conductive division 
baxiier layer 38 is fabricated of a-carbon. a-silicon or a dual a-catbon/a-silicon structure. The 
contaa layers 32, 34, 38 and 40 form excellent electrical contacts with fte layers of memory 
material 36 and layers 34 and 38 also form difiusicn barriers wfaidi inhibit diffusion of the 
molybdenum metal and/or an optional external contact grid material contact into the volume of 
chalcogenide memory material 36. The a-silicon of layers 34 and 38, when used in 
combinadcxi with a-carbcm are relatively thin, typically in the range of SO to 600 A and more 
particularly 100 to 400 A. When used alone as layers 34 and 38, the a-silicon layers are 
between about 400 and 2000 A depending on the electrical resistivity thereof. The 
molybdenum layers 32 and 40 are relatively thicic in the range of about 1,000 to 2J0O0 A. 

The layer of memory material 36 is formed of a multi-element semiconductor material, 
such as the chalcogenide materials disclosed herein. The layer 36 may be dqx>sited by 
methods such as guttering, evaporation or by chemical vapor deposition (CVD), which may be 
enhanced by plasma techniques such as RF glow discharge. The chalcogenide memory 
materials of the instant invention are most preferably made by RF sputtering and evaporation 
Typical deposition parameters for RF sputtering and evaporation of the chalcogenide layer 36 
are set fordi below in Tables 2 and 3, respectively. 
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Table 2 

RF Sputtering Dep osition Paramet^e^ p 



Parameter 

Base pressure 

Sputtering gas 
(Ar) pressure 

Sputtering power 

Frequency 

Deposition Rate 

Deposition Time 

Film Thickness 



Typical Range 
8x10-^ - 1x10-^ Torr 
4 - 8 m Torr 

40 - 60 watts 
13 - 14 MHz 
O.S - 1 A/ second 
20 - 25 minutes 

750 - 1250 A 



Substrate Temp. 



Ambient - 300°C 



Table 3 

Evaporating Deposit ion ParampfP^rg 

Typical Rang^ 

Base pressure 1x10"^ - 5x10"^ Torr 

Evaporation Temp. 450 - 600 **C 

Deposition Rate 0.5-3.5 A/second 

Deposition Time 3-20 minutes 

Film Thickness 750 - 1250 A 

Substrate Temp. Ambient - SOO'^^C 

Experimental data obtained by analyzing thin films deposited pmsuant to the 
evar«nition parameters set forth in Table 3 demonstrates that the Rjimi teyd position for the 
fee phase has been moved adjacent Hie edge of the valence band (Le. the fee phase behaves as 
a semi-metal with zero eV activation energy). Note that the "as deposited" evaporated films 
arc amorphous and subsequently annealed in order to obtain the Fee lattice structure. In 
connast thereto, the Fermi level positions for the hexagonal crystal stnicture (which is achieved 
through the input an additional electrical pulse) have been actually moved into the valence 
band (i.e., the positions exhibit "degenerate semiconductor" or metallic behavior). The reasons 
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for the differences in switching behavior which exist between thin films deposited by 
sputtering, vis-a-vis, those deposited by evaporation, are not entirely understood. E^rimental 
evid^ce tends to demonstrate that impurities caused by ±e presence of oxygen in the 
sputtered film are responsible for the differences in the Fermi level positions. However, it is 
noteworthy that oxygen was present m the cathode taiget material. Its presence was later 
analytically discovered. It is also important to note duit ev2q)orated films deposited on a heated 
substrate exhibit anisotropic growth characteristics (see tfie description of Hg. 10} in which 
oriented layers of the chalcogenide elements are successively deposited. Whether diis proves 
to be significant for electrical applications has yet to be proven: however, this type of film 
holds promise for thermoelectricity (due to the high tfaennopower already measured for these 
compositions, i.e., a factor of four greater than that measured for bismuth systems) or for 
specific semiconductor and superconductivity applications. 

The layer of memory material 36 is preferably deposited to a thickness of about 200 A 
to 5,000 A, more preferably of about 400 A to 2.S00 A and most preferably of about 250 A to 
1,250 A in thickness. The lateral dimension or diameter of the pore of semiconductor material 
36 is less than about one to two micrometers or so, although diete is no practical limit on the 
lateral dimension. It has been determined that the diameter of the actual conductive path of 
the high conductivity material is significantly less than a micrometer. The pore diameter can 
thus be as small as lithography resolution limits will pennit and, in fact, the smaller the pore, 
the lower the energy requirements for electrical switching. 

In a preferred embodiment of the present invention, the pore diameter is selected sudi 
that it conforms substantially with the diameter of the low resistance path which is formed 
when the material is switched to the low resistance state. The diameter of the pore of memoiy 
material 36 is therefore preferably less than about one micrometer so that the volume of the 
memory material 36 is Imuted, to the extent lithogn^hically possible, to the volume of die 
material 36 which is actually switched between the various states of resistance. This fiuther 
reduces the switching time and tiie electrical energy required to initiate the detectable change 
m resistance. The term "pore diameter^ as used herein shall mean the lateral cross-sectional 
dimension of the layer of memory material 36 whidi extaids under the contact regions formed 
with the memoiy layer 36 and with the tower layer and the upper conductors 42 as shown 
in tiie embodiment of Fig. 1. It is furtiier preferred that the pore regions of the memory 
dements 30 be thermally isolated and/or controlled except for such electrical contact widi the 
upper and lower dectrodes as is necessary for proper operation of the memory dements. This 
further confines, limits and controls the heat transfer from tiie switq}ied volume of the pore and 
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the dectiical oieisy required for the resistance transitions* This is accomplidied in the 



nt of Fig. 1 by the oxide layers 20 and 39 which surround the lateral peripheiy of 
the manory dements 30. Accordingly, in order to minimize set energy/ cuneni/ voltage, small 
pons diameters of as low as 250 A may be employed. 

The layers 32, 34, 36. 38 and 40 are etched and an oxide layer 39 is fonned thereover 
and etched to leave opesiog^ dxive.thememoiy elements 30 as shown. Alternatively, the 
meraory elements may be formed in a two stq) etch process with layere 32 and 34 being first 
deposited and then etched over tbc top of which die remaining layers 36, 38 and 40 are 
dcpjsited and then separatdy etched to the selected dimensio^^ Deposiled on top of the entire 
stmi:ture fonned by layere 32, 34. 36. 38. and 40 is the second electrode grid structure fonned 
of aluminum conductors 42, which extend perpendicular in direction to the conductor 12 and 
complete the x-y grid connection to the individual memory dements. Overiaying the complete 
intcfeTOted structure is a top encapsulating layer 44 of a suitable encapsulant sudi as Si3N4 or a 
plasiic material such as polyamide. which seals the sdwture against moisture and other 
exteinal dements which could cause deterioration and degradation of performance. The Si3N4 
encapsulant can be deposited, for example, using a low ten^erature plasma dqiosition process. 
The polyamide material can be spin deposited and baked after deposition in acconlance with 
knov/n techniques to form the encapt^iiant layer 44. 

It is important to note that conventional CMOS technology cannot be used to jnoduce 
tiiis type of tiuee dimensional memory array since CMOS technotogy builds die required 
semi<:onductor devices into flie bulk of single crystal semiconductor wafers and, flierefoie, can 
only be used to fabricate a single layer of devices. Furtiiennore, (1) CMOS cannot produce a 
small enough footprint (actual element dimension) to cost effectively produce large arrays and 
(2) CMOS devices, because they exist in a single plane, cannot be interconnected along the Z 
direaion. Hierefore, CMOS devices cannot be fabricated with the complex, tiuee-dimensional 
interconnecdvity required for advanced paraUd processing computers. The tiuee-dimensional, 
tiun-f ilm memory array structures of ttie instant invention, on tiie other hand are capable of 
botii convoitional serial information procesdng as wdl as parallel information processing. 
Parallel processitig and therefore multidimensional memory array stractures are 



required for r^d perfonnance of conplex tasks such as pattern recognition, clasdfication or 
associative learning etc Fmther uses for and description of paralkl processirig are presented i 
U.S. Patent appUcation Serial No. 594.387, ffled October 5, 1990, which is assigned to die 
assignee of tiie instant s^cation and tiie disdosure of wfaidi is hereby incorporated by 
reference. With tiie integrated structure as shown in tiie embodiment of Fig, 1; however, a 
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completely vertically integrated stnictuie of the memoiy elemeiu and its isolating diode is 
formed, thus minimizing the area occupied on the substrate by each of the combinations of 
memoiy elements and diodes. This means that the densiQr of the memoiy elements in the chip 
is limited essentially only by the resolution capabilities of the lithography. 

Hie cmbodhnent of Rg. 2 is tiie same as Fig, 1 except that a diode 27 is foimed as a 
Schottky barrier operatively disposed between the n layer 14 and a metal layer 29 whictTmay 
be, for example, platinum silicide. In other respects, the structural embodiment of memoiy 
ceU^solation element depicted in Fig. 2 is fonned in the same manner as that of Hg. 1 and like 
elements are labeled with like reference numerals. 

Hie integrated structure thus fonned is an x-y memory matrix connected as shown in 
Fig. 3 in whidi each memoiy element 30 is connected in series whb a diode 26 between a 
horizontal x-Une 42 and a vertical y-Ibie 12. The diodes 26 serve to electrically isolate each of 
the memoiy elements 30. Other circuit configurations for the electrically erasable memoiy of 
the presoit invention are, of course, possible and feasible to implement One particulady 
useful configuration is a three dimensional, multilevel array in which a plurality of planes of 
memoiy or control dements and tiieir respective iscdation devices are stacked upon one 
another. Eadi plane of memoiy elements is arranged as a plurality of rows and columns of 
memoiy elements, tiiereby allowing far X-Y addressing. This stacking of planes, in additkm to 
mcreasing monory storage density, aUows for an additional Z dimension of interconnection. 
This arrangement is particulariy useful to simulate a neural netwoik for a truly intdligent 
computer. 

Hg. 4 is a stylized, schematic circuit diagram of a portion of the memoiy cell 
embodiments of Fig. 1. The circuit comprises an x-y grid with each of the memoiy eigrnents 
30 being electrically interconnected m series with an isolation diode 26 at the cross points of 
the X address lines 42 and die y address lines 12 as showa Hie address lines 12 and 42 are 
connected to external addressing circuitry in a manner well known to those skilled in the ait 
The puipose of the x-y matrix of memoiy dements in comfamation with isolation elements is 
to enable each one of the discrete memory elements to be read and written without inteifering 
with infonnation stored in adjacent or remote memory elements of the matrix. 

In Hg. 5, there is diagrammatically illustrated a poition of a single aystal 
soniconductor substrate SO with a memoiy matrix 51 of the present invention fonned thereon. 
Also fonned on the same substrate SO is an addressing matrix 52 which is suitably connected 
by integrated drcmay connections S3 to die memory matrix 51. The addressing matrix 52 
indudes signal generating means which define and comxDl die setting and reading pulses 
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applied to the menuny matrix 51. Of comse. tbe addressing matrix 52 may be integrated with 
and foraied simult a n eoudy with the solid state memory matiix 51, 

In prior ait semiconductor memories having the lelaiively high switchiiig speeds and 
low switching energies deemed necessaiy for most applications thereof, at least one transistor 
and a capacitor is reqitired for each memoiy element The fonnation of such memories in 
integrated circuit form requires at least three connections along with other additional 

coinplexities wMch occupy a certain minimirai substrate area regaidte 
circuit is laid out Hu! integrated circuit configuration of tbe electricatty erasable memoiy of 
the present invention requires only two connections to each memory element and these can be 
made in vertical relationship to each other. Further, each memory element, complete with 
isolating diode and the pair of contacts for the elanent, is itself fiiUy verticany iategrated such 
thai; a significantly higher bit density is possible. In fact, the memory of the present invention 
provides for a bit density which is greater than that attainable even in solid stale dynamic 
random access memories (DRAMs), which are volatile and tiierefore lade die fiirther 

advmages tiiat flie non-volatility attainable with the present Invention provides, llieincrease 
in bit density attainable with the present invention translates into a correspondfa« 
macjiactuiing costs because of tiie smaller areas of die wafer occupied per bit of the integrated 
cirojit configuration. This allows die memory of tiie present invention to compete with and 
surpass otiier available memories for a wider range of applications, not only in terms of 
electrical perfonnance and memoiy storage capacity, but also in tenns of cost By comparison 
wifli prior art semicoaductor memories formed of at least one transistor and a capacitor for 
eadi bit. dK imegrared drcoit configurations of the present invention, as shown in Fig. 1, can 
be foimed on a chip with greater bit density compared to prior art configurations ushig tbe 
same photo litiiographic resohition. In addition to the cost advantages tiiat die higher bit 
density affonls. tiie dements are positioned closer togeflier and lead lengtiis. capacitances, and 
otiier teUued parameters are fiirtfaer mintanized. thereby enhancing perfonnance. 

llm>ugh a» use of the mwd semicondBcior materials of the instam invention, tiie 
energy required to effect a change of Fermi levd position and a coireqw^ 
electrical conductivity has been ledpced by orders of magnitude. Rmher, It is now beHeved 
tiiat even tile picojoule energies tiwuiJit to be necessary by die present invention, can be 
furdu^ lowered by reducing flK time duration of the electrical pulses. AdditwnaBy, reductions 

ui tiie tidcbiess of die material could furtiier njduce flie pulse energy required to set a m^ 
element to a given resistance vahie. 

llie foUowing section of tiie detailed description is intended to eiqilain die manner in 
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which die imderscanding of the scope of the disclosed discoveiy has evolved, Ciystalline 
GeTe, grown firom the melt, has a rhoxnbohedrally distorted (Si2* instead of a 90° NaQ (i.e. 
face-centeied cubic)) structure at room temperature. This stnictuie changes to a face centered 
cubic structure above 400°C. The origin of the rhombohedral distortion and, in particular, the 
relation of that distortion to the concentration of Ge vacancies in the highly conductive p-type 
GeTe is not dear yet In this rhombohedially distorted crystalline state* GeTe exhibits metallic 
conducdvity (« 10f'-10*)(ohm-cm) ^ In thin film forai, GeTe can be grown in the amorphous 
[Aase and at about 200°C, crystallizes into the face centered cubic structure. This metastable 
face centered cubic phase is stable at room temperature because of ifae microciystalline 
structure of die films. However, at annealing temperatures above 400^C, die face centered 
cuUc structure changes to the stable hexagonal or rhombohedral structure depending on Sb 
content. 

In die ternary Ge-Sb*Te system, the substitution of Sb forGe in GeTe results in 
properties similar to that of a pure GeTe crystal. In bulk form, the staUe room temperature 
phase is die hexagcmal phase, but it is believed ttiat it changes to the face centered cubic phase 
at higher tenq)mtures. When aimealed, thin filrns of the amorphous state first OTStdlizeitit^ 
the face centered cubic phase at temperatures of about 20O*C; however, upon annggiing to 
higher ten^erature, they change into the hexagonal phase. This stnictural transition occurs at a 
temperature that depends on die specific composition of die fibn. The electrical properties of 
thm films of amorphous and crystalline Ge-Sb-Te material have been characterized, hi the 
amorphous state, the optical band gap, from optical absorption measurements, has been shown 
to be insensitive to concentrations of Sb from 0 to 3S atomic % and has been measured at 
about 0.7 eV. The electrical activation ^rgy of the material decreases slightly fiom about 0.4 
eV m die amorphous GeTe system to about 0.35 eV in die Ce^iSbx^tss system. 

Upon annealing, amorphous films, regardless of composition, crystaUize into die face 
centered cubic phase. The electrical conductivity of diese fihns increases from about 10^ 
(ohm-cm)'^ in the amorphous phase to about 1 (ohm-cm)'^ in the face centered cubic crystalline 
phase. This transition occurs at approximately I80°C. Tlie Fermi level position for this face 
centered cubic lattice is about 0.18 eV which is approximately half the measured optical band 
gap of about 0.4 eV. Further annealmg in die range of about 180 to about SOO^'C does not 
change either the electrical conductivity or the optical transmission of the material The 
infiared absorption, measured in d% range of 1 to SO microns is negligible, which indicates a 
relatively low concentration of fiee charge carriers in the face centered cubic structure. 
Thermal annealing at 350^ results in a further phase transitioa to the hexagonal crystallme 
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lattice structure. In tins state of the lattice, the electrical conductivity further increases to about 
100 (ohm-cm)-^ and a strong free carrier absotptian zppesrs following the known relation a = 
A X\ where a is the absorption coefficient, X is tiie wavelength of mcident light and A is a 
constant proportional to the number office carriers. In acconiance with our measurements, the 
optical band gap of the mateiial does not significantly change after the phase transfonnation 
between the face centered cubic and the hexagcmal states h^ However, a strong 

(»:2S%) increase in leflwtivity has been measured 

In order to cyde the novel mwnory element of this mvemim, a process is required m 
which a relatively high level of energy is appUed to the material ptte to its tadtial use to 
convert the material into a first aystalline state. The Fermi levd poatioo for this crystalline 
state is on the order of about 0. 18 eV, which is the same as the Fermi levd position reported 
above for the face centered cubic stractuie, providmg for the oonchision that the material has 
undergone a phase transformation from the amoiphous into a face centcied cubic aystallme 
lattice stracture. Also, upon the ^pUcation of additional, lesser amounts of aiergy, the Fbnni 
level position was lowered, which indicates that the material has undeigone a further crystallme 
phase transfonnation into the hexagonal ciystalUne lattice phase described above. Thus, it has 
been established that the stable modulation of the oystallites of the microaystaUine 
semiconductor material of the present invention, into and through a range of different Fteraii 
levd positions, is accomplished by changing and cydmg the aystalline lattice structuie of the 
grains of this material. 

The leversible change in electrical conductivity exhibited by this microcrystalline 
semiconductor material is provided at least within one crystalline phase of the material This 
chai«e in the vahie of electrical conductivity of about two orders of magnitude dosely 
corresponds to die difference hi the dynamic range of the resistance of the electrical memory 
elements of the piesent uwention, as measured hi the laboratory for the bulk material. 

In order to convert the material fiom a crystalline state such as the face centered cubic 
state to a state of differing resistance, it is necessary to employ a shorter, more energetic 
elecuical pulse. F6r example, a 30 nanosecond pulse is able to transform the hexagonal 1^^ 
stmcture m a thm fihn of microcrystallme cfaalcogenide materid into the face centered cuUc 
latdw stracture. By measuring the free diaige dcnsiQr befoic and after annealtag, it was found 
that no significant fiee carrier absorption takes place. This suggests that aystalline films in die 
face centered cubic structure have a lower concentration of diermally exdted fiee diarge 
QxAts) as opposed to the fihns m the hexagond phase, which may be thought of as a p-^, 
highly degenerate semiconductor materid (because the Fenni levd has been moved adjacent to, 
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or all the way into, the valence band). 

It is noted that the end points of the dynamic range of electrical conducttvities 
(detennined by the Fenni level positions) set forth in the present invention do not necessarily 
conespond to a change of crystalline states between the face centered cubic and the hexagonal 
lattice structures. Rather, what is more significant is the fact that the material need never 
revert back to the amorphous structure and, thus, the end points in the dynamic range of 
electrical conductivities may both result from one or more crystalline lattice structures and can 
tiierefoie be attained with relatively low energy mputs and at very high speeds. 

If one considers that the concentration of fire& charge and fte stnicture of the 
cij^talline lattice are to some extent uncoiq>led. there is a possible mechanism that could be 
enqdoyed to provide infbrmadon helpfiil in understanding the presence of the multiple stable 
intennediate states. It is known that die presence of an external electrical field win cause 
charge to drift and tiiereby strain the lattice. The two responses are independent In order to 
change the number of vacancies in the tellurium-antimony matrix, germanium and or antimony 
atoms have to be moved. It is possible that tte response of the strained lattice during the 
application of an external field is to dtlier break some bonds and create additional acceptor 
levels (higher concentration of boles within the lattice) or to waply move non-bonding Um& 
pair electrons in their local environment andSor iiave said lone pan* interact with each {rib&r to 
create or dissolve states in tbe eneigy g^. In any event, the end result is independent of the 
previous amorphous or crystalline state of the material 

Through experimentation, the inventor has ^wn that factors such as pore dbnensions 
(diameter, thickness, and vohme), chalcogenide composition, thennal preparation (post 
deposition anneal), signal pulse duration, impurities sach as oxygen present in the composidon, 
crystallite size and signal pulse waveform shape have an effect on the magnitude of the 
dynamic range of resistances, the absolute end-point resistances of said dynamic range, and the 
voltages required to set the device at these resistances. For example, relatively thick 
chalcogenide films G.e. about 4000 A) wOl result in hi^er set voltage requirements (and 
therefore higher current densities widim the volume of memory material), while relatively thin 
chalcogenide layers G.e. about 250 A) vrill result in lower set voltage (and current density) 
requirements. Of course, the possible significance of crystallite aze azxl, fterefbre, the rado 
of ttie number of sur&ce atoms relative to die number of bulk atoms lias previously been 
described. 



Hie uxventor speculates that the materials actually operare at the extreme ends of the 
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hexagonal lattice stiucture so it is not surprising Hiat a very low eneigy input can cause 
significant changes fa ftnni level position and resistance values. Furth», the inventor • 
qiecniates that a diange to tiie hexagonai/rfiombohedial phase fiom the face centered cubic 
phase can be eiqdalned by movement by as few as 2% of the gennanium and/br antimony 
atoms fom the ciystallile fa fljeir attempt to assume a preferred compositional ratio (TejjCJc^ 
is prefeired fa tiie binaiy composition). Since die loss of each atom provides tiie ciystallite 

with an extra hole, flicre would be an increase in free chaige concentration per cubic 
cendmeto- on tiie oider of 10", a value M*ich would not be masked by tiiennal generatirai fa 

tiiis nanow band gap mataiaL It is tfiis type of Increase fa free charge concentration which 
wiU be re&ired to herefa as "adf^lopfag- or "self-compensation-. It is additionaUy noteworthy 

fliat die band gap of tiiese semiconductor compositions can be widened or further nanowed by 
alfaying witii otiier semiconductor niaterials 8U(A as silictm or su^dnv Fkirther, 
reductions fa set cunm could sdso be achieved by alloying tiie composition witiiodier 
semiconductor "'a*<"i'ah such as selenium. 

ItetuniiQg to die drawii^ Fig. 6 is a graphical representation fa vMcb the redstance 
of niemoiy dements fiumed of tiie novd semioondncior material of tiie instait favention is 
plottsd (XI tiie oidinate and tiie applied poise voltages for pulse durations of 25 mmnsffflnds 
are plotted on tiie abscissa. TUs figure dearly demonstrates, inter alia, die wide dynamic 

range of resistance vafaes attainable witii tiie particular semiconductra- maiBiial and device 
stnitiure and size. The dynamic range of dectiical resistances illusnate for tiiis spedfic device 
is greater flian about one order of magnitude. The data fa Fig. 6 shows a constant resistance 
value for input pulses of less tiian about 3 volts. When a 3 volt pulse is q^died. tiie device 
resistance instantaneously drops to about 6 x 1 ohms, which value conesponds to tiie low 
resisance end of tiie dynamic range. Upon die application of higher electrical voltage pulses, 
fiom 4 volts to 9 volts, tiie device resistance increase linearly to about 7 x 10* ohms, which 
coireqwids 10 fliB higji resistance end of tiie dynamic range. Hie linearis of tiiis resistance 
versus vidtage plot, as wdl as tiie rematicaUe ability to proceed fa botfi directions along tiiis 
plot, widiout being reset info tiie "starting stafe' is to be noted. It is tiiis wide dynamic range, 
tiie lioeaiitir of tiie plot, and die abiUy fo move fa botii directions along tiie plot tiiat provides 
tiiat this semiccMiductDr material m^ be used for memoiy applications characterized by direcfly 
oveiwritabte, multilevd sforage capacities. 



The signal poise duration required fo stt die memoir element fo foe desired resistance 
level witiifa tiie dynanUc range of electrical resistances wiD lilrewise be dqxndm 
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the foregoing faaors as weJI as signal voltage. Typcally signal pulse durations will be less 
than about 250 nanoseconds and preferably less than about 50 nanoseconds. It is fo be 
stressed &at even the short 25 nanosecond pulse widtfis noted are dependent on the size and 
shape of the pore as well as the thickness and composition of the semiconductor alloy 
employed. It is believed that the pulse durations can be significantly reduced without 
interfering with the operation of the memory switch. As a matter of feet, with the input of 
lesser amounts of energy, the cycle life of the elements can only increase. 

A feedbadc loop whidi reads and, when required, adjusts the resistance of a given 
memoiy element may be incorporated imo the m^noiy systems of the instant Inventioa For 
examine, a memory element may initially be set at a desired resistance; however, in time tfie 
resistance of the element may drift sKghtly from the vdue at whicb it ^ The 
feedback loop, in this instance, would calculate and ddiver a refresh signal pulse of the 
required voltage and duration to fte memory element to bring it back to a preselected 
resistance vahie. Also, circumstances may exist where the set pulse delivered to a memory 
elemem rnay not resuU in setting of the dement at the desired resistaiicc valu^^ btfaiscase 
tile feedback loop would deliver additional signal pulses to tiie element until tiie desired 
resistance level is achieved. The total duration of tiiis series of sei/adjust cycles is less iban 
about 1,000 nanoseconds and preferably less than about 500 ngmrwi^ymds 

The ability to reversibly move up and down tiie linear portion of tiie resistance versus 
voltage curve cannot be overemphasized. As indicated by tiie arrows in Rg.6, a signal pulse 
of a selected voltage will set tiie memory element to a desired resistance, reganiless of tiie 
previous set condition thereof. This ability to reversibly move along ttie curve provides for 
direct overwrite of previously stored data. Such direct overwrite capability is not possible wifli 
tiie phase change and MSM (a-Si) memory materials of tiie prior art. This ability to reversibly 
set intennediate resistance values is remarkable, A tiiousand successive 5-volt pulses adiieves 
tiie same resistance value as an 8-volt pulse followed by a single 5-volt pulse or a 4-volt pulse 
fcdlowed by a single 5-volt pulse. It is tiierefor no woider tiiat an explanation of flie physics 
of the remaricabl e operation of this revolutionary material is so dif&cult 

The dynamic range of resistances also allows for broad gray scale and multflevel 
analog memory storage. This multilevel memoiy storage is accomplished by dividing tiie 
broad dynamic raiige into a plurality of sub-ranges or levels. This analog storage ability 
allows for multiple bits of binary infonnation to be stored in a single memory cell. This 
multilevel storage is accomplished by mimicking multiple bits of bmary information in analog 
form and storir^ diis analog information in a single memory cell. Thus, by dividing the 
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dyaamic range of resistances into 3 or more analog levels, each memoiy cell would be 
provided with tiie capability of storing 1 and 1/2 or more luts of binary information. 

Hg. 7 is a tabular representation of electrical and optical data gei^rated from typiad 
Te-<3e-Sb compositions bdcmging to the novel class of soniconductor materials of the present 
invmtion, TWs data was generated from samples deposited by sputtering and then behig 
subjected to a post deposition thermal anneal in air. As can be seen from this data, the as 
prepared amorphous phase has a bond gap of about 0.7 e V, a Fenni level position of about 
0.37 eV, and an optical reflectivity of about 35%. This material, when in the amorphous 
I*ase, behaves as an intrinsic narrow band g^ semiconductor. However, it is the electrical 
and optical Characteristics of die two crystalline lattice phases into which tiie amorphous 
material can be modulated fliat are of particular interest The "as piq>ated" ftoe centered cubic 
pha» of tiiat same composition has a band gq> of about 0.4 eV, a Feimi level position of 
about 0.18 eV, an optical reflectivity of 48%, and behaves as an intrinsic narrow band gap 
semiconductor material Fbitiier, the hexagonal phase of tiiat sample has a band gap similar to 
flie Eace centered cubic phase, but has a wide dynamic range of ftnni level positions ranging 
from about 0.0 to about 0.18 eV depending on the state of tiietmal ameaL Tlie hexagonal 
phase has an optical reflectivity range of about 48 to about 73% and behaves as a nanow band 
gap, p-^ype, de^rate semiconductor material Uris range of Fenni levd positions and the 
resultant wide dynamic ranges of electrical (craductiviorAesistance) and optical (reflectivity) 
properties allows for gray scale electrical and optical storage of infoimatioa Hie degenerate 
behavior, i.e., tiie movement of tiie Feimi level position into tiie valence band edge, is 
remaricaUe. The concentration of fi^e charge must be very high in oitier to measure tiiis 
behavior in a narrow band gap material wherein tiiermal charge generation noimaUy swamps 
sudi extrinsic behavior. Therefore, tiiis concentration of holes is one of tiie most 
signiBcant aspects of the invention. 

The switching modulations of die instant electrical monories require much less eneigy 
flian those of flie prior art Based upm our present understandmg, tiiis is not suiprising. AH 
prior ait materials idied upon amoiphous-to-ciystalliiie phase transitions; whereas the instant 
mateiials operate on cither ciystaffine-to-crystaffine phase transitions or operate within a single 
ciystsilline i^ase and the increase in electrical condiwdvity resulting from these phase 
transitions. 

The inventois qieculate diat die materials actually operate at die esctreme ends of die 
hexagonal lattice stiucture so it is not suipri^g diat a veiy low mrgy input can cause 
significant changes in Femd levd position and resistance vahies. Fuidier, die inventois 
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speculate that a change to the hexagonal/ifaombohedial phase from the &ce cenieied cubic 
phase could be explained by movement by as few as 2% of the gennanium and/or antimony 
atoms from the crystallite in attempt to assume a preferred compositional ratio (Jtsfic^ is 
preferred in the binary composition). Since the loss of each atom provides the crystallite with 
an extra hole, there would be an increase in free charge concentration per cubic centimeter on 
the order of a value which would not be masked by thermal generation in this narrow 
band gap material It is this type of increase in free charge concentration which win be 
referred to herein as "sdf-doping" or "self-compensation. It is additionally noteworthy that the 
band gap of these semiconductor compositions can be widened or fiirftier narrowed by 
alloyiiig. 

It has been observed that the oxygen content of the thin film memory material either 
contn)ls, or plays a significant role in controlling, die crystallite size diereof. As mentioned 
above, the crystallite size generally, and the relative ratio of the number of atoms within the 
bulk of the crystallite relative to the number of atoms surrounding that crystallite is believed, 
in turn to control the Fermi level position (and therefore the extrinsic electrical conductiviQi) of 
the semiccmductor materiaL Additionally, oxygen may represent an impuriQr atom whidi 
provides the chaloogenide composition with an increased number of defect states for 
intrinsically altering the electrical conductivity of tiiereo£ This electrical behavior has been 
shown to be significantiy different dian tiie behavior of all otiier previously known 
chalcogenide memory materials. 

As indicated hereinabove. Fig. 8 is a ternary diagram of die Ge-Te-Sb semiconductor 
alloy system. In addition to the information previously discussed of which die bmary and 
ternary phases are indicated by squares (■), this diagram gives information on the segregation 
of other alloys. These other alloys are indicated by triangles (^), diamonds (f ) and circles (•) 
and the phases into which the alloys segregate, upon rapid solidification from the melt, are 
indicated by the lines (solid or dashed) which extend therefiom. The starting compositions of 
two Te-rich melts are indicated by circular symbols on the temaiy diagram. Upon rapid 
solidificatbn, these mixtures ptuast segregate into elemental Te plus phases B, C and D. 

Mdts with compositions to the ri^ of the pseudobinary fine, indtrflffii by diamond 
symbols, solidify into the phases indicated by tiie lines on the diagram. Other mixtures, 
indicated by trian^s in die phase diagram, solidify into elemental Ge and Sb and into phase 
A. Phase A is found in die rapid solidification of all melts where tiie composition of the melt 
is dose to tiiat of phase A, an also in the compositions indicated by the triangle symbols on 
the diagram. A molten mixture of compositions identical to that of phase A forms nearly pure 
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phase A upon rapid adidificatioa This phase is the only pliase which shows this 
cfeancteristic. Anmjol paiticalar interest for use in the improved memoiy ekmem of the 
present invemion is GcaSbaTcjj, also refened to as Ge^SbiiTe, or 2-2-5. This 2-2-5 alloy, 
vipoa rai»d sididification. phase segregates into a mixture of two distinct phases of 
compositions B (GeWSbigTe,^) and C (Oe„Sbj«Te«) indicated in the phase diagram of Tig. 8. 
Another aUoy of particular iuerest Is GewSbaTej, ( idso referred to as GeSbjTe^ or 1-2-4) 
which is compositioii D on the GeTe-SbiTes pseudobinaiy line. TTie 2-2-5 and 1-2-4 aUoys are 
of interest for fomdng the volume of memoiy material in compositionaUy graded, layered or 
combine gradedSlay^ fbnn, as discussed beionabove. 

Rg, 9 is a giapWcal representation of data taken on ilie improved memoiy elements of 
the instant invemion particulariy depicting die staWe set resistance. Hie resistance of the 

memoiy etemem is plotted on the ordinate and die set piflse voltage is plotted on the abs^^^ 
To obtain this data, a mem<My clement was set to a sdecled resistance ail ii^mt pulse of 
voltage, as indicated on the abscissa. The input pulse duration was 30 nanoseconds with 3 
nanosecond rise and M times. After being set to the selected resistance, the actual leslstance 
val«ie of the element was read 1000 times. One temh of read values were plotted on the graph. 

The memoiy clemem used to generate the e3q)erimcntal dau of Fig. 9 was canposiii^ 
graded. In tills embodiment, die volume of memoiy material was continuously and unifomily 
graded between the aforediscussed 1-24 and 2-2-5 Ge-Sb-Te alloys. 

Rom a perasd of Fig, 9, it can be clearly seen tiiat flie meoioiy elements of the 
preswit invention have set resistance values which exhibit Utfle, if any. resistance value drift 
(outside a sdccied margin of enor) wifliin tiie time period studied. This ability to be set to a 
sdecied resistance vabie widiout substantial drift tiiereof represents an essential characteristic in 
tiut substantial drift of tiie memoiy elemem's resistance value (i.e. outside die allowed error 
margins) wffl result in loss of stored infiumation. The temi "rise time", as used herein, refers 

to die time interval between signal initiation imd the monumt in which pealc signal power is 
readied, during whidi signal power continuously increases. Analogously, flie term "fall time", 

as used herein, refers to tile time inteival between die moment of cessation of peak signal 
power and fcud signal discontinuation, during wWch signal power cwiflnuously decreases. 

Fig. 10 deplete tile atomic stnicture of flireetcniaiy alloys of die Ge^Te system as 
well as die atomic stnicture of flic binary alloy Ge-Te. Two of ibe tiuee ternary alloys are tiie 
1-2-4 (composition I> on tiie ternary diagram of Fig. 8) and tiie 2-2-5 oompositimi 
hereinabove, llie fliini ternary aUoy is Ge,Sbi,Te5, wUch is also refened to as G 
Ajy Th,^ 1 A t .11 . J composition E m the toiuiy (Aase digram 
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the depictions of the atomic stnictures of these alloys, the hollow cirdes repiesoit Ge atoms, 
the striated circles represent Sb atoms and the stippled circles depict Te atoms. As shown by 
Fig. 10, the atomic configuration of each of the alloys, when in the face centered cubic 
crystalline stractuie, is formed of ordered, repeated layers of atoms. The fee configuration 
form toee distinct types of layers which arc labeled A, B and C in Rg, 10. Layers of typ& B 
and C are three atom layers, while layers of type A are 7 atom layers. 

The 1-4-7, 1-2-4, and 2-2-5 alloys depicted in Rg. 10 are of interest as base memory 
materials and for use in die elementally modified memory materials of the instant invention. 
The transition metals, along with Se, when present, are incorporated relatively unifomily 
throughout tiie Te-Ge-Sb matrix and enhance the elecQonic^atamlc structure so as to produce 
reduced switching current requirements and increased tiiermal stabilily of data letetdon. 
Current analysis shows tiiat die Se replaces Te in die structure, and while the exact positioning 
of the transition metal is not known, it appears diat ttie transition metal bonds with die 
cfaalcogen element 

Also, as mentioned hereinabove, when the Ge-Sb-Te alloy materials are deposited by 
eviration onto a heated substrate* the materials are deposited in arusotropic fonn. That is, 
when deposited in dus fashion, die crystallites of the alloy materials are oriented such diat die 
layers of constiment atomic elements are aligned substantially parallel to die substrate sur&ce. 
This will, of course, result in anisotropic cunem flow, but offers the bng term possibiliQ^ of 
arranging the atoms of the material so as to employ set and reset pulses in the low resistance 
direction and thereby achieve still lower set and reset currents, voltages and/or eneigies. 

Rgs. 11a, lib and 11c are diree dimensional graphs depctirig device resistance Qn 
kohms) versus input set pulse amplimde (in mA) and one of pulse rise time, pulse fall time or 
pulse widdi On nsec), respectively. Rg. 1 la depicts device resistance as a function of pulse 
rise time (defined hereinabove) for various pulse amplitudes, with pulse fall times of 3 
nanoseconds and pulse widdis of 27 nanoseconds plus pulse rise time. Fig. lib depicts device 
resistance as a function of pulse fall time (defined hereinabove) for various pulse amplitudes, 
widi pulse rise times of 3 nanoseccmds and pulse widths of 30 nanoseconds. Rg. 11c depicts 
device resistance as a fiinction of pulse width tor various pulse amplitudes, with pulse rise and 
fall times of 3 nanoseconds each. 



As can be seen from diese figures, and as was mendoned berdnabove, the electronic 
of die memory etenents 0.e. such as magnitude of the dynamic range of 
resistance, abscdute endpoint resistances, slope of the resistance versus pulse amplitude curve, 
etc.) can be adapted to meet specific currem/voltage lequiiements by adjusting die pulse widdi, 
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me time and an fime. » is to be noted that, within the range of tested pute widd^ 
widths greater flianabwit 30 nanoseconds give essentiaUy identic TbisfKt,in 
combination «dtii the weak dependence on pulse rise and fall times, allows for wide maigins in 
piogtamming pulse parameteis. 

Kgs. 12a and 12b arc graphical representations of data taken of memoiy ekments 
without and with the use of compositional modification for stabilizing the set resistance value, 
respectively. In these graphs, device resistance is plotted on die oidinate and time since se^ 
ttoj memoir element is plotted on ti» abscissa. Hg. 12a dqricts data taken for fiv 
mtanoiy elements fitbiicated of a vohmie of memoiy material finmed of a single Oc-Sb-Te 

anoy. memory elements were set to a selected resistance and. at vario^ 
tiicwafier. die resistance value of flte dements was measured. IWs data dearly shows tiiat 
tiiese memory elements (i.e. tiiose which do not employ compositional modification) exhibit 
hisber values of resistance drift Fig. 12b depicts data taken for twelve di&rent memory 
elements fabricated of a vohime of memoiy material which is comimioasfy mi unifonnly 
coiapositionally graded fiom a first Gc-Sb^Te alloy (1.2-4) to a second Ge-Sb-Te alloy (2-2-5). 
Afore particularly, a first discrete layer of l-2-i alloy was deposited. Atop fltis 1-2-4 layer, tire 
composition was uniformly and continuously modified over die 1000 Aqgstrom total lUckness 
of tiie chalcogenide material so as to assume a 2-2-5 composition at tite opposite sniftoe of die 
ittckness. Note fliattiiis is readily accomplished tiuoughtite use of coH«rapontt^ 
spuiterii^ targets. Th«»e memory elements were set to selected resistances witiiin flte dynamic 
ram of resistance vabtes by input pulses of between 5 and 11 Volts. Again, at various times 
thereafter, die resistance value of tile memoiy elements was measured. The data plotted to Kg. 

12b deaiiy indicate tiiat ihe memoiy elements which include a vohmie of memoiy material 
which employ compositional modification exhibit substantially stable resistance vahies over 

time as compared to memoiy elements wifliout compositional modificatioa llie inventor is 
unable to explain tiie mechanism by which compositional modification operates to stabilize tie 
set resistance valnes. "Hk mechanism may be as simple as providing a temphite for mwleating 
tite gtowdi of tite subseqaendy deposited material or providing a "growfli explosion profile" or 
the mechanism may be as complex as placing strain on die lattice stnictures of tiie memoiy 
material Resaidless of mechanism, tite instam tavention Is meant to encompass tiiose fom^ 
of compositional modification which stabilize die set resistance of tfte memoiy material 

Fig. 13 is a graphical representation of data taken fior a memoiy demem having a 
nominal chemical composition of (Fesfie^b^i^ widioot a m^Sbn silicon layer in tiie 

contactlayer. Rg- 13 depicts device resistance plotted on tite oidtoate vecws write/erase cyde 
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number {dotted on the abscissa. The dement was switched using pulses of 40 nanoseconds 
duration at 3.1 Volts and 2 milliampeies cuirent to set the element at the high resistance value 
and pulses of 400 nanoseconds duration at 1.9 Volts and 1 miUiampere current to set the 
element to die low resistance value. This graph shows faidy stable switching between two 
5 detectable values of resistance using switching pulses of relatively low current but a life of 
only about 10^ write/erase cycles. 

Fig. 14 is a graphical representation of data taken for a memory element including a 
volume of memory material having a nominal chemical composition of (re5«Ge22Sb22)9oNi5Se5 
with a 200 A thin-film amorphous silicon contact layer disposed between the volume of 
10 memory material and the amorphous carbon layer. Fig. 14 depicts device resistance plotted on 
the ordinate versus write/erase cycle number plotted on the abscissa. The element was 
switched using pulses of 25 nanoseconds duration at 4.2 Volts and 15 miHiamperes current to 
set die element at die high resistance value and pulses of 400 nanoseconds duration at 2.0 
Volts and 0.5 milliampere current to set the element to die low redstance value. This graph 
15 shows stable switching between two detectaUe values of resistance using switching pulses of 
lemaikably low current and a life of at least about 10^ write/erase cycles. 

A comparison of devices with and widiout the structural modification, demonstrates 
that the devices having the silicon contact layer are improved in a number of physical/electrical 
properties. The switching stability has been increased; that is, the noise level of the data (i^. 
the difference between the expected resistance and die actual resistance for a given input pulse) 
has been noticeably decreased. Along widi the increased switching stability, the absohite 
magnitude between the high and low resistance values has also increased. Additionally, 
current requirements have been reduced by between 25 and 50 percent by die addition of die 
layer of silicon contact. Finally, die cycle life of the structurally modified elements has been 
increased by at least an order of magnimde. 

Fig. 15 is a graphical rq)resentation of data taken for a memory element including a 
volume of memory material having a nominal chemical composition of CrQs6Gc2^h22i^s^C5 

m 

(i.e. the modified material) and a memory element including a volume of mraory material 
having a nominal chemical composition of Te55Ge22Sbz2 (i.e. the standard material), spedfically 
depicting data retention time plotted on the ordinates versus device temperature (or a function 
thereof) on die abscissas. The data retention test consists of heating die device to a desired test 
temperature and then applying an electrical pulse thereto to switdi Ifae device to a high 
resistance state. Immediatdy thereafter die resistance of die device is read numerous times to 
evaluate the effea of die increased temperature diereon. Typically, the resistance is rises for a 
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siioit time and tben begins to falL ITie criterion used herein for loss of date is ihe point in 
time at wUch die device resistance faUs to a value below that which was measured 
immediate afier die electrical pulse was ^plied. 

A pousal of Hg. 15 siiows ihat devices incoiporatii^ the standaid memoiy material 
wiU retain their data Jbr about 10 yeais at a continual tempeiature of about 90 "C, while the 
memory devices of the instant invention which incorporate the modified memoiy material will 
retahi tiidr data for about 10 yeais at a temperature of about 1 10 "C. This is a mcrease over 
die standani memoiy material and mattes tiie memoiy elements incoiporating the modified 
memoiy material much more leMde in high tenq)eiamre uses. 

Through tiie use of tiie proprietaiy materials and device configurations disdosed 
herein, an electricaUy erasable, diiecdy overwritable memory element has been developed 
which provides £ist read and write speeds, approaching tinse of SRAM devices: non-volatility 
and random access reprogrammmg capabilities of an EEPROM; and a price per megabyte of 
storage that approaches tiiat of hard disic memoiy. 

It is possible tiiat tiie ramifications of tiie fiee charge concentration modulation 
capiibilities of tiie materials of die present invention wifl have eccmomic hnpaa in tie field of 
semiconductor devices. As detailed in tiie badcgromid section above, flie charge caiiier 

moduMon disdosed herein represents a fiffii type of chaige ottrier modulation, one tiiat 
represents a fimdamental depamire fiom flic prior art Simply stated, hi tiie materials of die 
present mvention. even afier removal of die field, die ftimi kvd position, flie etecoical 
conductivity, and die concentration of fiee charge remain fixed. Thus, it becomes possible lo 
build eitiier a new dass of semiconductor devices m whidi flirec teimmals or two temtinals 
can be employed and die device is preprogrammed to preselected values of electrical 
resistiviiy. In eidier event, tiie programming voltages and/or cuircnts are remaricaWy low and 
tiie reaction speeds are remadcably fiast. This is because tiie semiconductor materials of tiie 
present invention have inherent speed and energy capabilities resulting fi^om modulation tiiat 
occurs witiiin one ormore difGsrent aystaUme phases. 

Note tiiat. as should be apparent fiom a penisal of die subject specification, we are 
aWe to see a trend in peifiinnance of die memoiy dements flat is geneiaUy related to pore 
diameter. When we use devices hi tiie bfaiaiy mode, we see a general mcrease m tiie off-to-on 
resistance ratio as we lest devices across a wafer fa whidi pore diameleis range systematically 
fiom just over one micron to not open at alL If flie pore diameter is conttDlled widtin flie 
range of, for example, finm one micron to less dian one half of a mioon, dieie is an 
opportunity to hnprove tiie perfonnance of our devices. Snce volumMic &ctois such as 
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curtent density and eneigy density are important in the piognunming of our devices, leduction 
in device volume, resulting from reduction in pore diameter, should result in an increase in 
sensitivity and speed. 

There is a threshold switching event associated with the programming of the Ovonic 
EEPROM and, therefore, one expects that, like other threshold switches, the Ovonic EEPROM 
programming voltage will show a chalcogenide alloy film thickness dependence. In fact, in the 
Ovonic EEPROM, a threshold switching voltage serves to separate read events fiom 
programming events, eliminating read upset and providing good operational margin during data 
reading. Our devices show linear resistance characteristics when the affiled field is low, 
fidlowed by a gradual decrease in resistance with increasing field, up to a threshold voltage. 
Once the duesfaold voltage is exceeded, the device exhibits a negative resistance transition to a 
highly conductive, "dynamic on" state. When the dppUei field is removed, the device returns 
to a non-volatile programmed resistance state, the value of which depends on the 
current/energy profile the device lias experienced during its "memory equilibration time" wbile 
in the dynamic on state. Although die threshold voltage depends on the leastanoe of the 
device, the device current at the threshold voltage is relatively constant for all device 
resistances. A linear ^iproximation to the diickness, threshold voltage rdadonship shows a 
proportionality factor of less than one, which contributes to a wide operating margin in devices 
having the same nominal thickness. 

As the device thickness is reduced, the absolute resistance of the device will decrease 
proportionally. At same thicknesses, however, contact resistances can be txpeatd to dominate 
over the smaller resistance vahies of the memory material With the amorphous carbon 
electrodes we are cunendy using for our test devices, this contact resistance effea will be less 
significant than the lower conductivity silicide electrode materials, such as palladium silicide or 
tungsten silicide, which are more convendonally used in wafer fabrication facilities. As 
mentioned hereinabove, carbon was originally selected because of its ability to prevent 
interdiiiusion; however with the use of a contact such as tungsten silidde, diffusion of tungsten 
into the chalcogenide would provide additional p-orbitals and thereby enhance the electronic 
switching set forth herehi. 

It is to be understood that the disclosure set forth herein is mesemed in the form of 



detailed embodhnents described for the purpose of making a flill and complete disclosure of 
the present invention, and that such details are not to be interpreted as limiting the true scope 
of this invention as set fordi and defir^d in the appdodtd daims. 
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Wc daim: 



L An electricaUy operated, directly overwritable. multibit. singleH:eIl 
coi[q)rising: 



memoiy element 



a volume of memoiy maerial definh« a single cell memory etement. said memory 
maierial characterized by (I) a large djmamic range of electrical r^tarure values, and C) the 
abfliQ, «. be set at one of a pUuaUQr of nsistai« values within said d^ic range in response 
to selected electrical input signals so as to pn«ride said single ccH with multibit storage 
ca{xibilities: 



a pair of spacedly disposed comacts for supplying said electrical input signal to set said 
memoiy material to a selected resistance value widnn said dynamic range; and 

said single cell of memoiy material being setaUe. by said selecied electrical signal to 
any resistance value in said dynamic rai^e. regardless of the pia«^ 



material 



2. "n^n^niory element of claim 1 wherein said single cdlindudes a monolfl^ 
ly of homogeneous chalcogenide memory material, said volume of memory material having 



a thickness of 500 Id SOOO A. 



3. The memory dement of daim 1 wherein said dynamic range of resistance values 
provides for at least 4 distina detectable levels of electrical resistance values. 

4. •n^meawrydementofdaimlwhereinsaidmemorymaterialisselectt^ 
group consisting of Se. Te. Ge, Sb and mixtures or alloys thereot 

5. The memory (Oement of claun 4 wiwein said memory material b^^^^ 

Sb in the ratio T«;Ge^l^^, Mtee ifae subscripts are in atomic percentages which total 
100% of the constituent dements and 40 S a S 58 and 8 S b £ 40. 



6. TlJememorydementofdaimlwhereinsaidvolmneofmemorymaterialis 
operativdy disposed in a pore havii^ a diameter of less than 2 miciwis. 

7. TUe memory demem of daim 1 wfaenan said selected dectrical signal which 



sets 
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said memoiy material to any lesistance value within said dynamic range is at least one 
electrical signal pulse between 1 to 25 volts and a signal duration of less than about 500 
nanoseconds. 

8. The memory element of claim 7 wherein said seleaed electrical signal is a plurality 
of electrical signal pulses, and a feedback loop is provided for biitiadng additional pulses to 
insure that said memoiy element is set at the selected resistance value. 

9. The memory element of claim 1 \^eiein said volume of memoiy material and said 
contacts are formed so as to define a matrix array of ttiin film material in which each memoiy 
element in said anay is addressably isolated from other memoiy element in the anay by thin 
film isolation devices so as to define a three dimensional multilevel anay of discreetly 
addressable high density and multibit memoiy cells. 

10. An electrically operated memoiy anay of directly overwritable. multilevel, single- 
cell memoiy dements comprising: 

a substrate; 

a plurality of discretely addressable, electrically activated, direcdy overwritable, 

0 

multilevel single-cell memoiy elements spacedly disposed in a plurality of rows and columns 
on said substrate; 

an isolation device associated with each discrete memoiy element to electrically isolate 
said element from the remainder of said plurality of memory elements; 

eadi of said single-cell memory elements defined by a volume of memory material; 
said memoiy material having an electrically modulatable Fermi level position, said position 
characterized by the ability to be modulated over a laige dynamic range of substantially 
different electrical resistances while maintaining a substantially constant optical band gap; and 
said material further characterized by the ability to be set at one of a plurality of resistance 
values within said dynamic range in response to a selected electrical input signal so as to 
provide said single cell memory elements with multilevel storage equabilities; 

each of said memoiy demits consisting of a pair of spacedly disposed contacts for 
supplying said dectrical input signal to set said memory material to a sdected resistance vahie 
within said dynamic range, said two contracts providiog die terminals for reading mfoimation 
stored on and writing information onto said memoiy material; 

said ^Dgfe cdl of memory material being settable. by said selected electrical signal to 
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any resistance value in said dynamic range regardless of the previous value to which said 
material was set. and said mamial capable of remaining set at said value even after the set 
signal has beoi tamin^ed; and 

address lines making electrical comaa (m one side of each of the n«^^ 
wi th said votame of memory material and on fl» other side of each of said memoir elements 
wiih said isolation device, theieby iHoviding means for selectively and individuaUy setting and 
leading die resistance vahies of eadi discrete memoiy dement 



3 



11. The memory amy of daim 10 wherein eadi of said singte-ceE memory elonents 
incl udes a monolithic body of homogeneous dudcQgenide memory material selected from the 
group consisting of Se, Te. Ge. Sb. Bi, Pb. Sn. As. S. Si. P. O and mixtures or alloys thereof 

12. The memory array of dahnlG wherein said dynamiciange and said muWIevd 
capijbilitics provides storage for at least 1 and 1/2 bits of binary infinmadoa in a siQ^ cdl 
memory element 



13. "nie memory array of daim 25 wherein said memory material includes Te, Ge and 
Sb substantially in the ratio T^Ge»5b«^ where the subscripts arc in atomic pei«^ 
wWch total 100% of the constituent elements and 48 i 58 and 8 S bS40. 

14, lUe memory array of claim 1 0 wherein said sdected electrical signal whidi sets 
said memoiy material to any resistance value within said dynamic ratige is at least one 
electrical signal poise of a sdected signal voltage of 1 and 25 volts and a sdected signd 
duration of less dian 500 nanoseomds. 



15. memory anayofdaim 14 wherein sdd selected dectricd signal is a ptora^ 
of dectricd signal pulses and a feedbadc loop is provided for initiating additiond pulses to 
insure that said memory dement of eadi cdl is set at the sdected resistance vdue. 



16. "nie inenwry anay of daim 19 wherdn said Isolation devices arc thm film p-i-n Si 
alloy liiodes or transisuns. 



17. A method of modulating the position of the Fend levdrdative 10 a band edge 
a microcrystdline semiconductor material sdected fiom the stonp consisting of Se, Te, Ge. 



m 
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Sb. Bi, Pb, Sn. As, S, Si, P, 0 and mixtures or alloys thereof, into any one of a plurality of 
metastable detectaUe poations; said material characterized by a large dynamic range of 
substantiany different elecnical conductivities with a substandally constant optical band gap 
over said entire range; said melbod including the stq)s of: 

providing a homogeneous body of dialcogenide alloy material: 
applying a pulse to said material to modulate the position of the Fetmi level thereof to 
a selected position relative to a band edge of the semiconductor material so as to obtain a 
given conductivity vahie within the large dynamic range of electrical conductivities; and 

terminating the application of the programming pulse to said memory material whOe 
main tfltTimg the position of the Fermi level thereof at substantially tiie selected position to 
which it was modulated. 



18. The method of claim 17 including the further step of forming said semiconductor 
material of a material including Te. Ge and Sb in the ratio Te,GebSbioa^) ^rc flie subscripts 
are in atomic percentages which total 100% of the constituent elements and 48 ^ a ^ 58 and 8 
<b<40. 

19. The method of daim 17 wherein tiie modulation of ibc Fenni level poation of flie 
semiconductor material results in a modulation of the dectrical and optical properties of said 
material so as to provide observed changes int he resistance and reflectance of the material, 
respectively; said range of electrical conductivities of the material providing for a dynamic 
range of resistance and reflectance values upon tiie input of at least one pulse of a selected 
energy of selected power and duratioiL 

20. The mefliod of daim 19 induding die further step of repeating the 
applicatiorVkennination of die energy pulse to modulate the semiccMiductor material to the same 
or a di£krent electrical conductivity within said range, wherein die material is characterized by 
the ability to be modulated to any electrical conductivity witiiin die range regardless of die 
conductivity to which it was previously modulated. 

21. A metiiod of modulatirig the dectrical conductiviQr of a multielement composition 
of microcrystalline saniconductor material, die constituent elements of which arc intercoupled 
to define tiie lattice stracturc of the crystallites of the material; and said modulation 
acrpmpiishftri by varying die concentration of free charge contributed by die atoms of at least 
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or e of said constituent elements of said multielemem composition, said method including the 
steps of: 

providing a composition of microcrystalline semiconductor material whidi includes a 
volume fraction of crystallites, said crystallites defined by a lattice stnictuie which incoiporates 
atoms of each of the constituent elements in said composition; 

applying an electrical signal to said material so as to add or subtract chaige carriers 
coiotributed by said one of die constituent elements in said compositioa whereby die electrical 
cojoducdvity of the material is modulated to a new value which is dependent upon the 
concentration of free charge contributed by said one constituent element; and 

maintaining the concentration of firee charge detennined by the applied signal, and the 
new value of electrical conductivity of the material remaining constant even after tenninating 
the application of said signal to said material. 

22. The metiiod of daim 21 induding the furtiier step of fonning the semiconductor 
material of a compositicm including at least one hraiogeneoos chalcogemde dement elected 
finom die group consisting of Se, Te, Ge, Sb, hi, Pb, Sn, As, S, Si, P, O and mixtures or alloys 
thereof. 

23. The mefliod of daim 22 uiduding the fimher step of forming said semiconductor 
material of a material induding Te, Ge and Sb in the ratio Te«OebSbtom^) vAiere the subscripts 
arc in atomic percentages v^di total 100% of the constituent elements and 48 ^ a ^ 58 and 8 
^b^40. 

24. Hie method of daim 21 indudit^ the further step of providing said applied signal 
in ihe fonn of at least one electrical pulse of selected power and duration. 

25. The method of daim 21 wherein at least one of the constituent dements ia 
chalcogenide and said modulation of free charge carrier concentration is accomplished by 
modulating the lattice interactions of die lone pair electrons. 

26. The mediod of daim 21 mduding die further step of repeating the 
application/tennination of said signal to modulate the semiconductor material to the same or a 
different conductivity, wherein die material is characterized by the ability to be modulated to a 
conductivity regardless of the conductivity to which it was previously modulated. 
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27. An improved singte-cea mmoiy clement comprising: 

a pair of spacedly disposed contacts, said contacts providing tenninals for reading • 
infonnation stored in and writing infonnation to said memory dement; 

a volume of memory material defining a single cell memory element disposed between 

5 said contacts; 

said vdmne of memory material fonned fipom a plurality of constituent atomic 
elemenis. selected ftom the group consisting of Te. Ge. Sb. Bi. Pb. Sn. As. S, Si. P. 0 and 
niixtuies or alloys thereof, each of which is present throughout the entire volume of memory 
material; 

10 means for applying an input signal to set said volmne of memory material lo a sdected 

leastance value; and 

said volume of memory maerial Including means for varying the positional 
composition of said volume of memory material so as to substantiaHy stabilize the resistance of 
said material at a sdected resistance value and said vohmie of memory inaterial adapted to 

15 remain set at said sdected resistance value without drift after the input signal has been 
terminated. 

28. Hie improved memory demeM of daim 27 wheidn said means for varying the 
composition indudes compositionally grading said votame of memory material 

29. The improved memory dement of claim 27 wherein said means for varying the 
20 composition deludes composltionaUy layering said votame of memory material 

30. Hie improved memory dement of daim 27 wherein said means for varying the 
composiiion indudes composltionaUy grading and compositionally layering said volume of 
memory material. 



25 



31. Hk improved memory dement of daim 28 wherdn said compositional grading 
indudes a composition of Ge,«Sb»Tej, graded to GCaSbaTeji. 



32. Hie improved memory dement of daim 29 wherdn said compositional layering 
tndes discrete layers of Ge,4Sbj9Tes, and GejjSl^Tesi. 



33. The improved memory dement of daun 30 wherein said combination of 
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compositional layering and compositional grading indudes a layer of Ge22SbiaTe55 and a 
graded composition of Gei4St)j,Te57 and Ge^iSbajTe^fi. 

34. The improved memoiy element of claim 30 wherein said combination of 
conqxisitional layering and compositional grading includes a layer of Gc^JSl^Tcs, and a 
graded composition of Gei4Sb29Te57 iind Ge22Sb22Te55, 

35. The improved memoiy elemott of claim 27 wherein said volume of memory 
matc^rial and said contacts are fomied so as to d^ne a matrix array of thin film maioial; each 
memory element in said amy being addressaUy isolated fiom other memory element in the 
array by thin film isolation devices. 

36. Hie improved memoiy element of claim 35 wherein the combinadon of thin film 
memoiy elements and isolation d devices define a tiuee diniengi<inRl, multilevel anay of 
discieetiy addressable high density memoiy cells. 

37. The improved memoiy dement of claim 27 wherein said volume of memoiy 
material is characterized by (1) a laige dynamic nmge of electrical resistance values and (2) the 
ability to be set at one of a plurality of said detectable vahies within said dynamic range, 
regaidless of die resistance value to which the volume of m^oiy material was previously set, 
in response to a selected electrical input signal so as to provide said single cell with multilevel 
storajge capabilities. 

38. The improved memoiy element of claim 27 wherein the volume of memory 
matexial ccwitains ciystallites which are less than about 1000 A in major dimension. 

39. Hie improved memoiy element of claim 27 wherein said memoiy material is 
deposited anisotn^cally in vMch die constituent atomic elements thereof are present in 
substantially discrete layers. 

40. The improved memoiy dement of claim 27 wherein said compositional means 
indudes the addition of a band gap widening element to the volume of matgriai. 

41. Hie improved memory dement of claim 27 wherein said means for vaiying the 
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positional composition of said volume of memory material includes an increase in covalent 
bonding. 

42. The improved memory elemem of claim 27 wherein said volume of memory 
material indudes at least one constituent atomic element vAdch contains lone pair electrons and 
said means for varying the positional composition of said volume of memory material indudes 
a modification of the local environment of said lone pair electrons lo create or ronove defect 
states in the band gap of the semicoiKiuctor material 



43. A directly overwriiable, single-cell memory elemem comprising: 

a volume of memory material defirmig a single cell memory element, said memory 
material including a chalcogen of Se, Te and mixtures and alloys thereof characterized by (1) 
at least two electrically detectable values of resistance (2) tiie ability to be set at one of said 
detectable values in response to a selected decirical input signal so as to provide said single 
cell with data storage capabOides; 

means for applying an input signal to set said memory material to a selected resistance 
value; said input means consisting of two spacedly disposed contacts, eadi contact indudii^ a 
thin-film layer of siliCQn material disposed in direa contact with said volume of memory 
m^aL said two contacts providing the tenninals for reading infonnation stored in and 
writing information into said memory material; and 

said single cell of memory material being setable, by said sdected irpit signal to a 
desired reastance value regardless of the previous value to which said material was set, and 
said material capable of remaining set at said value after the set signal has been terminated. 



44. The memory element of daim 43 wherem each of said two spacedly disposed 
contacts fiirther indudes a thin-film layer of carbon material disposed ont side of said thin-film 
layer of silicon material remote fiom said volume of memory material. 

45. The memory element of claim 44 wherein each of said two spacedly disposed 
contacts additionally indudes a thin-film layer of molybdenum material disposed on said fldn- 
film layer of carbon material 



46. The memory dement of claim 43 wherein said thin-film layer of silioon material 
is originally in an amorphous state and thereafter, during an initial foiming/switdting, a portion 
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of ;said thin-film amoiphous silicon material (r^^stallizes. 
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47. The memory element of claim 44 wherein said thin-film layers of silicon and 
cailx)n material are originally in an amoiphous state and thereafter, during an initial 
fonning/switcWng, a portion of said thin-film layers of amoiphous silicon and aabon material 
crystallizes. 

48. The memory clement of claim 43 wherein said volume of memory material 
additionally bidudes a transition metal selected from die group consisting of Cr, Fe, Ni and 
mixtures or alloys thereof. 

49. The monoiy element of daim 43 wherein one or more elements are 
compositionally graded tiuoughout the volume of memory material so as to reduce set 
resistance drift 

50. The memory element of daim 43 wherein said vtflume of memory material is 
operativdy disposed in a pore of less tiian about 1 micron. 

51. The memory dement of claim 43 wherein said selected electrical iiiput signal 
which sets said memory material to a desired resistance value is at least one pulse of a sdected 
pulse duration of between about 100 and about 500 nanoseconds using a pulse voltage of 
between about I and about 2 voUs and a pulse current of between about 0 J and about 1 
milliamperes. 

52. The memory element of claim 43 wherein said volume of memory material and 
said contacts are formed so as to define a matrix array of thin film material and wherein each 
memoiy element in said anray is addressably isolated from otiier memory dement in the array 
by thin film isolation devices. 
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